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1. ABSTRACT  
 

Cleavage of the fibrillar collagens occurs during 
physiological conditions, as well as pathological 
conditions.  The resistance of the fibrillar collagens to 
degradation is due to their rigid and compact structures.  
There are only a limited number of proteinases that have 
the capability to initiate the cleavage of the fibrillar 
collagens.  These include some of the matrix 
metalloproteinases (MMPs) and cathepsins, as well as a 
few serine proteinases.  The MMPs have long been 
implicated in the collagen degradation and remodeling that 
occurs at physiological pHs.  The cathepsins, on the other 
hand, have been implicated in the collagen cleavage that 
occurs at acidic pHs, particularly the collagen degradation 
that is mediated by osteoclasts.  In addition to the MMPs, a 
few serine proteinases have been implicated in the collagen 
degradation that occurs at neutral pH.  The characteristics 
that contribute to the resistance of the fibrillar collagens to 
cleavage are discussed along with the MMPs, cathepsins, 
and serine proteinases that can cleave these collagens. 

 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

A common characteristic of many pathological 
conditions such as arthritis, periodontitis, arteriosclerosis, 
and tumor metastasis is the destruction of the extracellular 
matrix (ECM).  As structural components of the ECM, the 
collagens are responsible for the structural integrity of the 
ECM.  About 20 different collagens have been discovered 
in mammals.  They are formed from a combination of more 
than 25 distinct collagen chains.  After being synthesized as 
large molecules known as pro-chains by membrane-bound 
ribosomes in the rough endoplasmic reticulum (1), these 
peptide chains undergo modifications, self-assembly, and 
proteolytic processing inside and outside of the cells to 
form the mature collagens.  The typical mature collagen 
molecule consists of three collagen polypeptide chains with 
at least one stretch of helical region in which the three 
chains are wound around one another in a rope-like 
superhelix.  The triple helical molecules aggregate and 
form cross-links among themselves to form fibrils, which 
are further cross-linked to form collagen fibers.  According 
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Table 1. Fibrillar Collagens 
Type Chain Composition Structure Features Tissue Localization Cross-link sites References 

for cross -link 
sites 

I [α1(I)]2[α2(I)] 300 nm long fibril Skin, tendon, bone, ligament, 
dentin, interstitial tissues 

α1(I): Lys9N-Lys930N 

Hyl16C-Lys87N 

α2(I): Lys5N-Hyl933N  

44, 45  

II [α1(II)]3 300 nm long fibril Cartilage, vitreous humor C87-N930 46, 47, 48 
III [α1(III)]3 300 nm long fibril Skin, muscle, blood vessels Lys8N-Hyl936C 44, 49 
V [α1(V)]2[α2(V)]/ 

[α1(V)]3/ 
[α1(V)][α2(V)][α1(V)] 

390 nm long fibril; often with 
Type I and III 

Cornea, teeth, bone, placenta, 
skin, smooth muscle, fetal 
tissues 

C-telopeptide of α1(I) and 
C-terminal helical region of 
α1(V) 

40, 44, 51 

XI [α1(XI)]3/ 
[α1(XI)] [α2(XI)] [α3(XI)] 

Often with Type II  α1(XI) helix – α2(XI) 24N 

α2(XI)helix-α3(XI) 11N 

α3(XI) helix-α1(XI) 24N 

51 
  

C: Carboxyl group; N: Amino group. 
 
to their amino acid composition and physical properties, the 
collagens are grouped as network-forming collagens (Types 
IV, VII, VIII and X), fibril-associated collagens (Types VI, 
IX, XII, and XIV), transmembrane collagens (Type XIII 
and XVII), host defense collagens (collectins, C1q, and 
class A scavenger receptors), and fibrillar collagens (Types 
I, II, III, V, and XI; Table 1) (2, 3).   
 

The fibrillar collagens compose 90% of all the 
collagens in the body and are the primary components of 
the ECM.  They are unique in that they form non-
interrupted triple helices that are then cross-linked to each 
other to form fibrils.  This endows the fibrillar collagens 
with the ability to resist cleavage by most proteinases.  
Only certain matrix metalloproteinases (MMPs), select 
cathepsins, and a few serine proteinases have the ability to 
cleave these triple helical molecules.  However, denatured 
fibrillar collagens (gelatin) are readily degraded by multiple 
proteinases.  For example in osteoarthritis patients, newly 
synthesized Type II collagen is readily denatured that 
results in a loss of its ordered fibril structure (4, 5), which 
makes it readily susceptible to degradation by multiple 
proteinases. 

 
In this review, the structural characteristics of the 

fibrillar collagens that make them resistance to general 
proteinase degradation are discussed along with the 
enzymes that are capable of degrading these collagens.  
 
3.  FIBRILLAR COLLAGENS 
 
3.1. Stability of the triple helix 

The mature fibrillar collagens consist of a 
continuous triple helical structure except for their short 
amino-terminal (N-terminal) and carboxyl-terminal (C-
terminal) regions that are referred to as the telopeptides.  
These helical molecules then aggregate in a “head-to-tail” 
pattern with partial overlap and form covalent cross-links 
and hydrogen bonding, and are therefore characterized by a 
staggered appearance under the microscope.   
 

Rich and Crick (6) modeled the structure of 
tightly packed polyglycine peptides and confirmed 
theoretically that the twisting of three polyglycine 
molecules together forms a right handed helix with the 
repeat length of 3.1 Å, which is close to the structure of the 
triple helix in the fibrillar collagens.  It is well known that 
the repeated amino acid triplet, Glycine-X-Y (X and Y can 

be any amino acid but are proline or hydroxyproline a high 
percentage of the time), is essential for the formation of the 
collagen triple helix.  The glycine (Gly) residues are 
essential in every third position because the close packing 
of the collagen chains near the central axis does not leave 
room for larger residues (7-9).  Even a single base mutation 
of Gly for another amino acid in either the Type I collagen 
α1 (I) or α2 (I) chain can result in distortion of the collagen 
triple helix that results in misformed collagen and 
osteogenesis imperfecta (10-12).  Moreover, the mature α1 
(I) collagen chain contains more than 330 repeating Gly-X-
Y triplets.   

 
The stability of the triple helix depends partially 

on the amount of proline (Pro) and its modified form, 
hydroxyproline (Hyp), in the X or Y positions of the triplet.  
In 1964, it was reported that the thermal stability of 
synthetic collagen peptides is determined by the total 
number of Pro and Hyp residues (13).  When comparing 
native Type I collagen from the sea urchin to that from rat 
tail, the rat tail collagen displayed a higher melting 
temperature (about 38oC) and a higher content of Pro plus 
Hyp residues (17.9% Pro plus Hyp) than the sea urchin 
collagen (23oC and 12.9% Pro plus Hyp) (14).  The 
difference between the influence of Pro and Hyp on the 
thermal stability of collagen has also been examined (15-
19).  Both of these amino acids have been shown to 
contribute to collagen stabilization (15-19).  The total 
number of Hyp residues in the Y position in a synthetic 
peptide fragment displays a linear association with the 
collagen to gelatin transition temperature (16, 18).  The 
most stable triplet identified in vertebrates by artificial 
polypeptide studies is Gly-Pro-Hyp, which is the most 
common triplet in the Type I collagen molecule (20) and 
occurs about 40 times in the α1 (I) collagen chain.   
 

It has been hypothesized that the gamma-
hydroxyl group of Hyp at the third position in the triplet 
forms interchain hydrogen bonds that stabilizes the helix 
(21).  Studies on collagen-like polypeptides such as a 
repeating sequence of Gly-Pro-Pro or Gly-Pro-Hyp have 
confirmed that hydration plays a key role in triple helix 
stability (22-26).   Water molecules form two hydration 
shells around the artificial polypeptides by interacting with 
the polypeptide chains and by forming hydrogen bonds 
with water molecules outside of the first hydration shell 
(23, 26).  The hydration shells contributes to the stability of 



Collagen Degradation   

3102 

the triple helix structure, as well as to the self-assembly of 
the fibrils.  Conditions such as pH and ion concentration 
affects the amount of water associated with the collagen 
and thus influences the stability and other properties of the 
triple helix, as well as affects collagen aggregation (27-29).  
In a crystal formed by a collagen-like peptide, adjacent 
triple helices have little or no direct contact (28, 29).  The 
connections are maintained by the hydrogen-bonding water 
bridges (28, 29).  For each (Gly-Pro-Pro)10 peptide, one 
water molecule interacts with the carbonyl oxygen of the 
Gly and two others interacts with the carbonyl oxygen of 
the Pro in the Y position.  With three water molecules 
bound to a triplet, each peptide occupies a larger volume 
that results in more distance between the peptides, which 
makes it difficult for the formation of hydrogen bonds 
between the peptides.  Nevertheless, the contribution of 
bound water to the stability of the collagen triple helix is 
still controversial (26, 30).    
 

The utilization of the artificial polypeptide chains 
has helped to explore the roles that Pro and Hyp have on 
collagen triple helix stability, but has also established the 
limits of our understanding of what happens with the real 
fibrillar collagens.  However, evidence from a pathological 
condition of Type I collagen indirectly supports the role of 
Hyp on the stability of the triple helix.  Scurvy is caused by 
the severe deficiency of vitamin C (ascorbic acid), a 
necessary reducing agent of prolyl hydroxylase, and results 
in a lower melting temperature for the collagens and causes 
a breakdown of the collagens needed for connective tissue, 
bones, dentin, and the walls of blood capillaries.   
 

It has been well documented that the matrix 
metalloproteinases (MMPs), especially the collagenases 
(MMP-1, -8, and –13), cleave all three α chains of native 
Type I, II and III collagens at a single locus (Gly-Ile/Leu) 
located approximately three-fourths of the way down the 
molecules from the N-terminus (31-34).  The Gly-Ile/Leu 
sequences are not unique in that there are many of these 
sequences in the native collagen chains that are not cleaved 
by the MMPs.  It is believed that the content of Pro plus 
Hyp in the collagenase cleavage region is different from 
these other sites in the collagen chains.  Highberger et al. 
(35) compared the helix formation and the amino acid 
sequences between two 36-residue peptides from the α1 (I) 
chain.  These peptides consisted of a collagen cleavage 
peptide (with the collagen cleavage site in the center) 
and a non-cleavage peptide whose helix-coil transition 
behavior was very similar to the whole collagen 
molecule.  The study demonstrated that the helices 
around the collagenase cleavage site were less compact 
than in other portions of the collagen chain.  Such 
laxicity is attributed to the total number of Pro and Hyp 
in the 36-residue peptides and especially to the number 
of Hyp in the Y position of the triplet.  Crystallographic 
studies have revealed that a polypeptide of Type III 
collagen (35-37) containing a Pro plus Hyp free region 
has a higher degree of flexibility than a peptide that has 
a Pro plus Hyp residue rich region.  The mechanisms of 
how the MMPs recognize these specific sites are still 
under investigation.   
 

 3.2. Fibril Formation 
Fibrils are another distinguishing feature of the 

fibrillar collagens and also essential to their resistance to 
general proteinase cleavage.  Fibril formation increases the 
thermal stability of native bovine collagen and recombinant 
collagen fibrils by about 10oC and 6oC, respectively (38).   
Fibril formation is a self-assembling process that depends 
on the intrinsic properties of the collagen molecules such as 
the persistence of the N- and C-terminal telopeptides, the 
distribution of polar and hydrophobic residues, and the 
possible copolymerization of several different collagen 
types into a single fibril.  The mechanisms that drive such 
self-assembly are far from being fully elucidated.  
However, the intermolecular cross-links between the N- 
and C-terminal telopeptides and the triple helical region 
from another molecule are believed to be vital for the 
initiation of the “head-to-tail” fibril formation (39-42) 
while the hydrogen bonds formed by the polar residues 
further stablize the aggregation.  The intactness of the 
telopeptides has been shown to influence the rate of fibril 
formation (43) and the fibril pattern (39).  The 
intermolecular cross-links are specifically associated with 
the lysine and hydroxylysine residues located in the 
telopeptide regions and in the triple helix (Table 1) (40, 44-
51).  The positions of the cross-linking sites allow for the 
formation of bridges between the molecules, which are 
overlapped or staggered relative to one another by 4D units 
(D= 67 nm).  Inhibition of or an increase in cross-link 
formation is responsible for the damage seen in the fibrillar 
collagens that results in the fragile fibrils seen in scurvy 
and the rigid collagens seen in aging fibrils, respectively 
(40, 51, 52).   
 

The triple helix and the formation of fibrils are 
unique features of the fibrillar collagens.  Both features 
ensure that the fibrillar collagens are closely packed, thus 
resulting in limited attack from general proteinases.  The 
region of triple helix laxicity such as in the Pro and Hyp-
poor region and at the sites at which cross-links are located 
within the collagen molecules such as the non-helical 
telopeptide regions are considered the weakest points in the 
structure of the fibrillar collagens.  Collagenolytic enzymes 
routinely take advantage of either one or both of these 
regions to mediate cleavage of the fibrillar collagens.   
 
4. MATRIX METALLOPROTEINASES 
 
4.1. Matrix Metalloproteinase Family 

The matrix metalloproteinases (MMPs) are a 
family of zinc-dependent endopeptidases responsible for 
the degradation of multiple extracellular matrix (ECM) 
components, especially the collagens and proteoglycans 
(53).  The MMPs are involved in the ECM remodeling that 
occurs in physiological conditions such as tissue and organ 
development, morphogenesis, and wound healing.  They 
also play important roles in the regulation of cellular 
communication, molecular shedding, and immune 
functions by processing bioactive molecules including cell 
surface receptors, cytokines, hormones, defensins, adhesion 
molecules, and growth factors (54, 55).  The MMPs have 
also been implicated in pathological conditions such as
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Figure 1. The domain structure of the collagenolytic MMPs.  A propeptide domain, a catalytic domain, and a C-terminal 
hemopexin-like domain are common domains found in the MMPs.  In addition to these common domains, the gelatinases contain 
fibronectin type II-like domains and the MT-MMPs contain transmembrane domains. 
 
arthritis, cancer, asthma, atherosclerosis, and periodontal 
disease (53, 56, 57).   
 

There are at least 25 members of the MMP 
family.  They can be classified on the basis of substrate 
specificity and molecular structure into six groups (58).  
These include the collagenases (MMP-1, MMP-8, MMP-
13, and MMP-18), gelatinases (MMP-2 and MMP-9), 
stromelysins (MMP-3, MMP-10, and MMP-11), 
membrane-type MMPs (MT-MMPs) (MMP-14, MMP-15, 
MMP-16, MMP-17, MMP-24, and MMP-25), minimal-
domain MMPs (MMP-7 and MMP-26), and others (MMP-
12, MMP-19, MMP-20, MMP-21, MMP-22, MMP-23, 
MMP-27, and MMP-28).   
 

The prototypic MMP contains distinctive 
structural domains that consist of a signaling peptide, a 
prodomain, a catalytic domain, a hinge region, and a 
hemopexin (PEX) domain (Figure 1).  The N-terminal 
signaling peptide directs the newly synthesized pre-
proenzyme for secretion and is subsequently removed.  The 
77-87 residue propeptide of the MMPs contains a “cysteine 

switch” motif, PRCGXPD, in which the cysteine residue 
interacts with the catalytic zinc domain to maintain latency 
(59, 60).  The catalytic domain (about 170 residues) 
contains the zinc-binding motif, HEXGHXXGXXH, in 
which the three histidine residues bind a zinc ion (61) that 
is essential for the proteolytic activity of the MMPs.  A 
proline-rich hinge region joins the catalytic and PEX 
domains.  The C-terminal PEX domain (about 200 
residues) contains a four-bladed β propeller structure.  The 
PEX domain often mediates protein-protein interactions 

(62), which is important in part for the substrate specificity 
of the MMPs.  In addition to these domains, MMP-2 and 
MMP-9 contain three repeats of a fibronectin type II-like 
domain that are inserted in the catalytic domain (63).  
These repeats interact with gelatin to enhance MMP-2 and 
MMP-9 gelatin cleaving ability (64, 65).  A transmembrane 
domain and a furin-activation site are other modifications 
that are found in other MMPs such as the MT-MMPs (66).   
 

MMP activity is regulated by gene transcription 
and expression of the proenzymes, activation of the 
proenzymes, and then their interactions with inhibitors such 
as the tissue inhibitors of metalloproteinases (TIMPs).  
Most of the MMPs appear to be secreted as inactive 
proenzymes, thus making activation a key step in 
regulating their activity.  The disruption of the cysteine-
zinc bond between the propeptide and catalytic domain is 
required for the activation of latent MMPs.  The latent 
MMPs can be activated by proteinases, by non-proteolytic 
compounds, and by heat treatment (59).  Non-proteolytic 
compounds capable of inducing MMP activation include 
SH-reactive agents (iodoacetate, 4-aminophenylmercuric 
acetate, hypochlorous acid, and oxidized glutathione) and 
denaturants (urea, sodium dodecyl sulfate, and sodium 
thiocyanate).  Several proteinases have been shown to 
activate multiple latent MMPs in vitro.  These proteinases 
include plasmin, trypsin, kallikrein, chymase, and mast cell 
typtase.  The MMPs that contain a furin cleavage site can 
also be activated by furin.  Some MMPs have been shown 
to be able to activate other members of the MMP family.  
MMP-14, MMP-15, and MMP-16 can activate MMP-2 
(58).  MMP-2 and MMP-3 have been shown to activate
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Table 2. Cleavage Sites of Fibrillar Collagens 
Utilized by Collagenolytic MMPs 

MMPs Collagen Type Cleavage Sites References 
Human Type I (α1)  Gly775-Ile776 73 
Human Type I (α2) Gly775-Leu776 73 
Human Type II Gly906-Leu907 76 
Human Type II Gly775-Ile776 32 

MMP-1/ 
MMP-8  

Human Type III Gly775-Leu776 32 
Gly906-Leu907 76 MMP-13  Human Type II  
Gly909-Gln910 76 

Guinea pig Type I 
(α1) 

Gly775-Ile776 75 

Gly775-Leu776 75 

MT1-MMP  
 

Guinea pig Type I 
(α2) Gly781-Ile782 75 

Gly781-Ile782 77 MT3-MMP Human Type III 
(α1) Gly784-Ile785 77 
Bovine Type I (α1) Gly775-Ile776 74 MMP-2 
Bovine Type I (α2) Gly775-Leu776 74 
Human Type V 
(α1) 

Gly439-Val440 78 

Human Type V 
(α2) 

Gly445-Leu446 78 

MMP-9  

Human Type XI Gly439-Val440 78 
 

MMP-9.  It has been reported that both MMP-3 (67, 68) 
and MMP-7 (69) can fully activate (superactivate) 
procollagenase-1 (proMMP-1).  MMP-3 has been shown to 
superactivate MMP-1 by cleavage of the Gln80-Phe81 bond 
in MMP-1 that results in 7-10 fold increase in 
collagenolytic activity (67, 68).  MMP-7 has also been 
reported to superactivate MMP-1 (69) and the final 
activation site of proMMP-1 by MMP-7 is the same bond 
utilized by MMP-3 (69). 
 
4.2. Collagenolytic MMPs and Collagen Cleavage Sites 

The fibrillar collagens are resistant to most 
proteolytic enzymes.  Even among the MMP family, only a 
limited number of them can cleave the highly structured 
fibrillar collagens under physiological conditions (370C and 
neutral pH).  Members of the MMP family that include 
MMP-1 (collagenase-1 or interstitial collagenase), MMP-8 
(collagenase-2 or neutrophil collagenase), MMP-13 
(collagenase-3), MMP-18 (collagenase-4 or Xenopus 
collagenase), MMP-2 (gelatinase-A), and MMP-14 (MT1-
MMP) are capable of cleaving Type I, II, and III collagens 
(70).  Although structurally similar, MMP-3 (stromelysin-
1) and MMP-10 (stromelysin-2) are unable to cleave 
collagen Types I or II (71).  However, it has been shown 
that MMP-3 can bind Type I collagen (71).  The 
collagenolytic activity of these enzymes is believed to 
involve a three-step process (72).  First, they must bind the 
collagen.  The unwinding of the triple helix in which the 
native collagen helices are locally disrupted to provide 
access follows this binding.  The last step is the cleavage of 
the individual strands of the triple helix.  The collagenolytic 
MMPs can catalyze the initial cleavage of collagens Type I, 
II, and III at specific Gly-Ile bonds of the α1 chains and a 
specific Gly-Leu bond of the α2 chain (Table 2) (32, 73-
78) that generates the characteristic 3/4 N-terminal and 1/4 
C-terminal fragments. These can then be readily denatured 
at body temperature and further degraded by the gelatinases 
and other nonspecific proteinases.   

 
MMP-1 and MMP-8 have been shown to cleave 

the α1 chain and α2 chain of native Type I collagen at 

Gly775-Ile776 and Gly775-Leu776, respectively (73).  The 
same cleavage sites in Type I collagen have been 
shown to be cleaved by MMP-2 (74).  MMP-1 and 
MMP-8 also cleaves the α-chains of Type II (Gly775-
Ile776) and III collagens (Gly775-Leu776) at the same 
specific sites as in Type I collagen (32).  Mitchell et 
al. (76) reported that MMP-1 cleaves Type II 
collagen into 3/4 and 1/4 fragments at the peptide 
bond Gly906-Leu907.  In the same study, MMP-13 also 
cleaved Type II collagen at this site.  However, 
MMP-13 also hydrolyzed the α-chains of Type II 
collagen at a secondary cleavage site of Gly909-
Gln910, which is three amino acids C-terminal to the 
Gly906-Leu907 cleavage site (76).  The same secondary 
cleavage site was recently shown to be cleaved by 
MMP-1 and MMP-8 (79).  Moreover a third cleavage 
site in Type II collagen, three amino acids carboxyl-
terminal to the secondary cleavage site, is cleaved by 
MMP-13 (80).  A recent study demonstrated that 
MMP-13 is an efficient telopeptidase and that this 
activity is dependent on its catalytic domain and 
independent of its C-terminal PEX domain (81).  This 
feature distinguishes MMP-13 from MMP-1 and 
MMP-8 because telopeptidase activity has not been 
detected in these other two collagenases.  The N-
telopeptidase activity has been suggested to play a 
role in Type I collagen resorption during embryonic 
and early adult life, while triple helicase activity is 
necessary during intense tissue resorption later in life (82). 
 

MT1-MMP is known to have collagenolytic 
activity.  It has been shown to digest collagens Type 
I, II, and III into the characteristic 3/4 and 1/4 
fragments.  Type I collagen is cleaved by MT1-MMP 
at the Gly775-Ile776 and Gly775-Leu776 bonds of the α1 
chain and α2 chain, respectively (75).  MT1-MMP 
also cleaves a secondary site at the Gly781-Ile782 bond 
of the α2 chain of Type I collagen in addition to the 
initial cleavage at the Gly775-Leu776 (75).  In addition, 
MT1-MMP also has an indirect effect on collagen 
degradation by activating MMP-13 (83) and MMP-2 
(83, 84).  
 

A recent study demonstrated that ∆MT3, a 
truncated form of MT3-MMP lacking the 
transmembrane and cytoplasmic domains, could cleave 
Type III collagen into the characteristic 3/4 N-terminal 
and 1/4 C-terminal fragments by cleaving at the Gly781-
Ile782 and/or Gly784-Ile785 bonds of the α1(III) chains 
(77).  MT3-MMP can not degrade Type I collagen into 
the typical 3/4 and 1/4 fragments, but it has been 
reported to cleave the Gly4-Ile5 bond within the triple 
helical portion of α2(I) chain (85). MMP-9 cleavage of 
native Type V and XI collagen has been reported by 
Niyibizi et al. (78).  It cleaves bovine bone Type V 
collagen at two sites, one near the N-terminus and the 
other at Gly439-Val440 of the α1(V) chain and Gly445-
Leu446 of the α2(V) chain that results in a 3/5 C-
terminal fragment.  Type XI collagen has also been 
reported to be cleaved by MMP-9 between Gly439-Val440 
of the α1(XI) chain (78). 



Collagen Degradation   

3105 

Table 3. Collagen Substrate Specificity of Collagenolytic MMPs 
Collagen   MMPs Km (µM) kcat (h-1) Km/kcat (µM-1 h-1) References 

    MMP-1  0.80 53.40 66.70 86 
 1.00 16.60 16.60 74 
 1.30 22.20 17.10 75 
    MMP-8 0.70 6.40 9.14 89 
    MMP-2 8.50 16.20 1.90 74 

Type I collagen 
     
     

    MT1-MMP 2.90 7.10 2.40 75 
Type II collagen     MMP-1  2.10 1.00 0.50 86 
  1.00 2.00 2.00 76 
     MMP-8  1.10 2.35 2.00 89 
     MMP-13 2.00 23.00 11.50 76 
Type III collagen     MMP-1  1.40 565.00 403.60 86 
     MMP-8  1.80 0.85 0.47 89 
     MT1-MMP 0.95 1.25 1.32 77 
     MT3-MMP 0.45 3.12 6.93 77 

 
4.3. Collagen Substrate Specificity  

The rate of collagen hydrolysis differs among the 
MMPs and between the different fibrillar collagens (Table 
3).  MMP-1 has been shown to have similar substrate 
affinities (Km = 1-2 µM) for collagens Type I, II, and III 
(86).  In contrast, there are differences in the catalytic rates 
of MMP-1 for these collagens.  The kcat values on human 
Type I, II, and III collagens for MMP-1 have been shown 
to be 53.4, 1.0, and 565.0 h-1, respectively (86).  Therefore, 
MMP-1 has the most activity on collagen Type III and then 
collagen Type I, while activity on Type II collagen is very 
poor (86).  Ohuchi et al. (75) also reported that the activity 
of MMP-1 on Type III collagen is approximately 4.4 and 
25.6 fold greater than that on collagen Types I and II, 
respectively.  This may be due to the more local instability 
of the triple helix at the cleavage site of Type III collagen 
than Type I collagen (87) and MMP-1 having limited 
ability to hydrolyze more thermally stable local structures 
(88). 
 

While MMP-1 prefers Type III collagen as the 
substrate, MMP-8 cleaves Type I collagen 20-fold better 
than it cleaves Type III collagen (89).  Type II collagen is 
cleaved 25% more efficient than Type I collagen, but 450% 
better than Type III collagen by MMP-8.  MMP-13 is a 
very effective collagen-degrading enzyme.  Analysis of the 
substrate specificity of MMP-13 has revealed that Type II 
collagen is preferentially hydrolyzed 5-6 times more 
efficient than Type I or III (90).  It cleaves Type II collagen 
at least 10 times faster than MMP-1 (76), but it cleaves 
Type I collagen with rates comparable to MMP-1 and 
MMP-8 (90).  

MMP-2 is not as efficient as MMP-1 in bringing 
about collagen Type I dissolution (74).  It has been shown 
that the kcat values of MMP-2 (16.2 h-1) and MMP-1 (16.6 
h-1) are basically the same.  However, the Km value for 
MMP-2 (8.5 µM) is higher than that of MMP-1 (1 µM).  
The differences in the Km  values makes MMP-2 less 
efficient in Type I collagen degradation than MMP-1, 
although the kcat values are similar (74).    
 

The catalytic efficiency on Type I, II, and III 
collagens by a deletion mutant of MMP-14 (MT1-MMP) 
lacking the transmembrane domain (∆MT1) was reported 
by Ohuchi et al. (75).  ∆MT1 preferentially digested Type I 
collagen.  ∆MT1 cleaved Type I collagen 6.5 and 4 fold 
better than Type II and III collagens, respectively.

 
 Comparison of Type I collagenolytic activity of ∆MT1 
with that of MMP-1 revealed that ∆MT1 was 5-7 fold less 
efficient than MMP-1 (75).  Because of the differences in 
collagen substrate specificity of MMPs, the types of 
collagen in tissues or organs may determine the pattern of 
MMP expression in the area during physiological 
remodeling or pathological degradation. 
 
4.4. Collagen Binding and Cleavage  

Several investigations have attempted to define 
which MMP domains are required for collagenolytic 
activity.  The catalytic domains of the MMPs are 
responsible for their catalytic activity.  However, the 
catalytic domain of the collagenolytic MMPs alone can not 
cleave the fibrillar collagens although it has activity against 
other substrates (91-93).  Tyr191 within the catalytic domain 
is conserved among all the collagenolytic MMPs except for 
MMP-14, which possesses a Leu at this position (94).  A 
Thr is found in MMP-3 at this position.  It has been 
observed that a substitution of Thr for Tyr191 in MMP-1 
reduced the collagenolytic and gelatinolytic activity about 5 
fold (95).  In the same study, the amino acid sequence 
Arg183-Trp-Thr-Asn-Asn-Phe-Arg-Glu-Tyr191 in the 
catalytic domain of MMP-1 was identified as being 
involved in the collagenolytic activity of the enzyme (95).  
However, the insertion of this sequence in MMP-3 did not 
result in any collagenolytic activity.   
 

The importance of the hinge region of the MMPs 
in collagen binding and cleavage has been reported by 
Hirose et al. (96).  It has been observed that a 16 amino-
acid sequence motif within the ‘hinge/linker’ region of 
MMP-8 (residues 259-274) was important for its ability to 
hydrolyze the fibrillar collagens.  The replacement of this 
hinge/linker region of MMP-8 (16 residues) with that of 
MMP-3 (25 residues) substantially reduced the proteolytic 
activity of the enzyme on Type I collagen (96).  This study 
suggests that the length of the hinge/linker region is critical 
for collagenolysis by MMP-8.  However, a MMP-3/MMP-
1 chimera produced by Murphy et al. (71) had the correct 
linker peptide of MMP-1 but still did not have any 
collagenolytic activity.  Furthermore, MT1-MMP has a 
hinge/linker peptide that is considerably longer than in the 
classical collagenases (97).  Thus this suggests that the 
length of the hinge/linker peptide is not critical for 
collagenolytic activity in general.  A recent study 
demonstrated the crucial role of Gly272 in the hinge region 
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of MMP-1 for the collagenolytic activity of the enzyme 
(98).  This Gly272 residue has been suggested to be 
responsible for the hinge-bending motion that is essential 
for allowing the PEX domain to present the collagen to the 
catalytic site.  Substitute of this residue for Asp limited the 
flexibility of the hinge region and lead to a lack of enzyme 
specificity (98).  A motif within the hinge/linker sequence 
of the collagenases, Leu263-Ser-Ser-Asn-Pro-Ile-Gln-
Pro270 in MMP-8 and Arg262-Ser-Asn-Gln-Pro-Val-Gln-
Pro269 in MMP-1, has been hypothesized to be responsible 
for the ability of these collagenases to bind to and 
hydrolyze the fibrillar collagens (99).  This was later 
confirmed by Knäuper et al. (93) in that replacement of Pro 
residues in the MMP-8 hinge/linker region with Ala 
residues reduced the collagenase activity to 1.5%.  
However, a chimeric mutant prepared from MMP-1 (1–
250) and MMP-10 (256–459) that contained the MMP-1 
hinge/linker sequence lacked collagenolytic activity (100).  
The importance of the hinge/linker region of MT1-MMP 
(MMP-14) has been noted by Tam et al. (101).  MT1-CD, a 
recombinant protein containing the PEX domain without 
the linker region, was able to bind collagen.  However, it 
did not block MT1-MMP mediated collagen cleavage when 
added in competition experiments nor did it disrupt the 
secondary structure of the collagen.  MT1-LCD, a 
recombinant protein containing the PEX domain with the 
linker region, was able to bind collagen, disrupt the 
secondary structure of collagen, and competitively block 
MT1-MMP activity (101).  Therefore, these studies 
demonstrated that the hinge/linker region is involved in the 
collagenolytic activity of the MMPs.  

 
The C-terminal PEX domain facilitates in part 

substrate binding and the subsequent cleavage by the 
MMPs.  In the collagenases, stomelysin-1, and MT1-MMP, 
their C-terminal PEX domains bind native collagen (71, 91, 
93, 96).  However, the C-terminal PEX domain of MMP-2 
does not (102).  Instead, the native collagen binding ability 
of MMP-2 is mediated by the fibronectin type II-like 
domains (64).   
 

The essential role of the C-terminal PEX domain 
of MMP-1 in the binding and cleavage of the fibrillar 
collagens was first reported by Clark and Cawston (91).  
The catalytic domain alone retains proteolytic activities on 
noncollagenous proteins and peptides, but can not cleave 
the fibrillar collagens (71, 91).  In addition, substitution of 
the two cysteine with other residues disrupts the C-terminal 
PEX domain structure and causes the loss of Type I 
collagenolysis but not proteolytic activity on other 
substrates (103).  The C-terminal PEX domains of other 
collagenolytic MMPs including MMP-8 (92), MMP-13 
(81), and MMP-14 (101, 104) are also important for their 
ability to bind and cleave the fibrillar collagens.  Deletion 
of the C-terminal PEX domain from MMP-1 (residue 243-
450) (71, 91), MMP-8 (residues 243-467) (92), or MMP13 
(residues 249-451) (81) results in a loss of their 
collagenolytic activity.  However, MMP-3 has a PEX 
domain that binds collagen but that does not support 
collagenolysis.  Moreover, replacement of the PEX domain 
in MMP-3 with that of MMP-1 does not make MMP-3 
collagenolytic (71).  The PEX domain of MT1-MMP 

(MMP-14) has been demonstrated to regulate collagen 
binding and cleavage by this enzyme (101, 104, 105).  
Recent studies demonstrated that both the catalytic and 
PEX domains of MT1-MMP are required for effective 
collagenolysis (105).  Exchanging either the catalytic or 
PEX domain of MT1-MMP with those of MT3-MMP 
yielded significantly lower collagenolytic activity than 
wild-type MT1-MMP.  Moreover, replacement of the 
catalytic or PEX domain of MT1-MMP into MT3-MMP 
failed to generate any significant enhancement of 
collagenolytic activity compared to wild-type MT3-MMP 
(105).   Both the N- and C-terminal regions of the 
collagenolytic MMPs contribute to the binding and thus 
cleavage of the fibrillar collagens.  Therefore, the capacity 
of the collagenases to cleave triple helical substrates is 
dependent on the specific interactions between the 
catalytic, hinge, and PEX domains.  However, the exact 
roles of each of these domains with respect to binding and 
cleavage of the collagen triple helix remain to be further 
elucidated.  
 

MMP-2 does bind tightly to native and denatured 
collagen.  However, it has been shown that this is mediated 
by the fibronectin type II-like domains that are localized 
within the catalytic domain and not by the PEX domain as 
in the other collagenolytic MMPs (65, 106).  Deletion of 
these fibronectin-like domains abolishes collagen binding 
and significantly abrogates the gelatinolytic capacity of 
MMP-2 without affecting its ability to cleave peptide 
substrates or to bind TIMP-1 and TIMP-2 (107).  
Recombinant fibronectin type II-like domains, also known 
as the collagen binding domains, but not the hinge/PEX 
domains of MMP-2 induce conformational changes in the 
secondary structure of native collagen that made it more 
susceptible to cleavage by MMP-1 and MMP-8 (104).  
Earlier studies suggested that the PEX domain of MMP-2 
makes no apparent contribution to Type I collagen binding 
(65, 106).  However, a recent study reported that the initial 
collagen cleavage that generates the 3/4 and 1/4 fragments 
is strongly dependent on the presence of the PEX domain, 
while further hydrolysis is promoted by the fibronectin-like 
domains thus resulting in the rapid clearance of the initial 
degradation products (108).  
 
4.5. Collagen Triple Helicase Activity  

Three-dimensional structures of the collagenases 
have shown that the active site clefts are approximate 0.5 
nm, whereas the diameter of collagen is about 1.5 nm in 
diameter (109).  Therefore, the active site clefts are too 
narrow to accommodate the triple helical collagen 
molecule.  Moreover, molecular docking experiments have 
shown that the closest peptide bond of collagen is about 
0.7 nm away from the catalytic zinc atom (36).  This 
suggests that either the collagenases or the fibrillar 
collagens must undergo considerable changes in 
conformation to initiate the cleavage of the Gly-Ile and 
Gly-Leu bonds of α1 and α2 chains of collagen Type I, 
respectively.  It has been suggested that the binding of 
collagenolytic MMPs induces local unwinding of the 
collagen triple helix at the cleavage site to allow for the 
binding of only a single collagen α-chain to the active 
site cleft for cleavage (7, 87, 110-112).   
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Several hypotheses have been proposed to 
explain the interactions between the collagenases and the 
collagens that results in the destabilization of the triple 
helix (72, 113-115).  The proline zipper model (113) 
hypothesizes that the proline-rich hinge region of the 
collagenases interacts with and unwinds the triple helical 
collagens.  This hypothesis is based on the assumption that 
the proline hinge domain of MMP-1 adopts a collagen-like 
polyproline helix.  With a collagen-like domain, the 
enzyme is able to disturb the quaternary organization of 
triple helix in the collagenase-susceptible site.  Modeling 
analyses suggest that an interaction between the prolines of 
both the collagens and collagenase form a kind of “proline 
zipper” that is involved in the destabilization step (113).  
This destabilization makes the triple helical collagens 
susceptible to the cleavage by the enzyme.  The collagen-
trapping model (114, 115) proposes that after binding the 
triple helical collagens that the PEX domain folds over the 
catalytic site that then traps the substrate at the catalytic site 
cleft.  This interaction causes destabilization or unwinding 
of the collagens around the cleavable bonds, which allows a 
single strand to fit into the catalytic site cleft where 
hydrolysis of each strand then proceeds.  Overall (72) has 
proposed the following molecular mechanism for the triple 
helicase activity of the collagenolytic MMPs.  First, 
simultaneous binding of the collagen to both the catalytic 
and the C-terminal PEX domains of the MMPs causes a 
bend in the collagen structure that distorts the triple helix.  
The distortion thus allows the triple helix to unfold at the 
cleavage site and then to be susceptible to the cleavage by 
the MMPs.  An alternative mechanism to the localized 
melting of the triple helical collagen induced upon binding 
is the relative movement of the C-terminal PEX domain to 
the catalytic domain that causes distortion and unwinding 
of triple helix.  Since this is a non-ATP-dependent reaction, 
the energy for the movement may be derived from the 
additional contacts of the MMP hinge region (72).  The 
movement of the C-terminal PEX domain after first 
clamping to the collagen may occur to allow the hinge 
region to bind or to intercollate with the α-chains.  This 
may laterally pull the collagen apart after a hinge-like 
action or more likely by a twist of the PEX domain to 
axially rotate the triple helix open.  Compression forces 
exerted axially along the collagen triple helix might also 
cause distortion and localized unraveling of the triple helix 
at the compression bulge (72). 
 
 The mechanism of the triple helicase activity of 
the collagenases and the gelatinases are believed to be 
different because the PEX domain of MMP-2 can not bind 
the fibrillar collagens (72).  The fibronectin type II-like 
region may clamp the collagen against the active site to 
splay or bend open the triple helix in an analogous 
mechanism to that proposed for the collagenases by Gomis-
Ruth et al. in the collagen trapping model (114).  However, 
Overall (72) has proposed the model of “strand 
intercollation” in which the fibronectin type II-like region 
binds to and interdigitates with the collagen triple helix to 
splay the three α-chains apart that then allows a single α-
chain to bind to and occupy the active site cleft.  Also 
supporting this model is that the fibronectin type II-like 
region binds to denatured collagen with higher affinity than 

to native collagen (64).  To satisfy a binding preference for 
single α-chains rather than the native collagen helix, 
independent modular movement might facilitate 
penetration of the fibronectin type II-like region into 
regions of loosened collagen triple helix.  This binding 
could drive the local distortion of the triple helical collagen 
structure to further loosen the helix to allow for substrate 
binding to the active site. 
 

The ability of a mutant MMP-1 to unwind triple 
helical collagen was recently reported by Chung et al. 
(116).  The study showed that Type I collagen was cleaved 
into the typical 3/4 and 1/4 fragments when collagen was 
incubated with the catalytically inactive MMP-1 mutant 
(MMP-1 (E200A)) in the presence of the catalytic domain 
of MMP-1 lacking the PEX domain (MMP-1(∆C)).  
However, the MMP-1(∆C) or MMP-1 (E200A) alone could 
not cleave the Type I collagen.  These results suggested 
that the MMP-1 (E200A) mutant could locally unwind the 
triple-helical collagen before it is hydrolyzed by the MMP-
1(∆C) mutant. 

 
Several hypotheses have been proposed as 

mentioned above to explain the collagenolytic mechanisms 
utilized by the collagenolytic MMPs.  However, more 
experiments are needed to verify the validity of these 
proposed hypotheses.  As discussed, the collagen binding 
and cleaving activity of the collagenolytic MMPs are 
believed to be mediated by interactions between the 
catalytic domain, the C-terminal PEX domain, and the 
hinge region of the collagenolytic MMPs.  However, the 
precise location and the exact roles of each of these 
domains with respect to binding and cleavage of the 
collagen triple helix remain to be further elucidated.  
 
5. CATHEPSINS   
 
5.1. The cathepsin family  

The cathepsins are a group of small proteinases 
that are most active at acidic pH and are usually 
characterized as lysosomal proteinases.  The cathepsin 
family can cleave multiple components of the ECM.  In 
vitro studies have shown that several members of the 
cathepsin family are able to cleave the fibrillar collagens 
(117-125).  The cathepsin family consists of at least 16 
members and can be subdivided into three distinct groups: 
serine proteinases (cathepsin A and G), aspartic proteinases 
(cathepsin D and E), and cysteine proteinases (cathepsins 
B, C, F, H, K, L, O, S, T, V, W and X).  Several of these 
cysteine proteinases (cathepsins K, S, L, and B) share 
homology with the structure of papain (126).  Cathepsin K 
shares a substantial degree of structural similarity to 
cathepsins L and S.  Cathepsin K contains a cysteine139, 
histidine276, and asparagine296 in its active site (117).  Most 
of the cathepsins are lysosomal proteinases except for 
cathepsins E and G (127). 
    
5.2. Synthesis and physiological activity 

Cathepsins are synthesized as precursor 
molecules, which contain N-terminal signal peptides that 
are cleaved off during transport through the endoplasmic 
reticulum (128).  Pro-cathepsins then undergo proteolytic 
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processing to the active mature enzyme forms in the acidic 
environment of late endosomes or lysosomes (129, 130).  
These processed enzymes contain disulfide-linked heavy 
and light chain subunits with molecular weights ranging 
from 20-35 kDa with the exception of cathepsin C, which is 
a 200 kDa oligomeric enzyme. 
 

The main physiological function of the cathepsins 
is protein turnover in the lysosomes.  Lysosomal cathepsins 
exist in the intracellular acidic vacuoles and readily cleave 
the collagen engulfed by the cells.  Therefore, cells that are 
responsible for collagen metabolism such as fibroblasts in 
various tissues contain these cathepsins.  Cathepsin K is a 
key proteolytic enzyme involved in the digestion of the 
collagen matrix of bone by osteoclasts (131).   
 

The enzymatic activity of the cathepsins plays a 
role in human diseases such as arthritis, emphysema, 
glomerulonephritis, rheumatoid arthritis, osteoporosis, 
hyperkeratosis, periodontitis, atherosclerosis, and 
Alzheimer’s disease (127).  In addition, cathepsins might 
also be involved in tumor invasion and metastasis (132). 
 
5.3. Enzymatic activity against fibrillar collagen 

The cathepsins have a broad range of substrate 
specificity, although some prefer certain amino acids to 
others in the target substrate sequence.  Most cathepsins are 
endopeptidases, but a few are exopeptidases (C- or N-
peptidases).  Exopeptidases (cathepsins B, C, H, and X), in 
contrast to endopeptidases (cathepsins L, S, V, and F), 
possess structural features that facilitate binding of C- and 
N-terminal groups of the substrates into their active site 
clefts (127).   
 

The function of these enzymes may be altered with 
changes in pH and their cellular localization.  For example, 
cathepsin B is a carboxydipeptidase but it can also exhibit 
endopeptidase activity under different conditions (127).  At the 
acidic pH of the lysosomes, cathepsin B is primarily an 
exopeptidase due to its active site being obstructed by an 
occluding loop.  At higher pHs such as in the endosomes or at 
neutral pH, the occluding loop is displaced and cathepsin B 
functions as an endopeptidase.  This suggests that substrates 
for cathepsin B may differ depending on the localization of the 
enzyme.  The fact that cathepsin B is primarily an 
exopeptidase found within the lysosomes indicates that its 
function in these organelles is not likely to be extracellular 
protein turnover (133).   
 

The cathepsins have enzymatic activity against 
several fibrillar collagens, which include collagen Types I, 
II, III, and XI.  So far, no study has reported the ability of 
the cathepsins to cleave Type V collagen.  Cleavage of 
soluble collagens Type I and II by cathepsin K has been 
studied mainly in vitro (117, 118).  Both cathepsin B and L 
have been reported to be able to cleave the fibrillar 
collagens Types II and XI (119).  Cathepsin L has also been 
reported to be able to cleave Type I collagen (120).  In 
addition, cathepsin B may help to mediate fibrillar collagen 
cleavage indirectly through the activation of collagenase-1 
(134).  Cathepsin B can also degrade the downstream 
products of collagenase-1 cleaved collagen, as well as other 

ECM proteins such as collagen IV, laminin, and fibronectin 
at both neutral and acidic pHs (135, 136).  Aspartic 
proteinase cathepsin D purified from bovine thymus has 
limited activity on bovine collagen Types I and III (121).  
Another aspartic cathepsin, cathepsin E, has similar 
cleavage characteristics as cathepsin D on the fibrillar 
collagens (122).  
 
5.4. Optimal pH 

Most of the cathepsins, except for cathepsins E 
and G (127), are lysosomal proteinases.  They exist in the 
intracellular acidic vacuoles and function at acidic pHs.  
However, some cathepsins can cleave substrates at pHs 
close to neutral.  

 
 Cathepsin B and L degrade insoluble fibrillar 

collagens maximally at pH 3.5 and soluble monomeric 
collagen Type I near pH 4.5 (137).  Cathepsin L is a much 
better endopeptidase than cathepsin B on the basis of in vitro 
analyses (138, 139).  It degrades insoluble collagen Type I at 
pH 3.5 over 5-fold faster than at pH 6.0 (139).  Cathepsins B 
and L can degrade cartilage collagen Types II and XI at 
temperatures from 20° to 37°C and at pH values from 3.5 to 
7.0 (119).  
 

Cathepsin K has collagenolytic activity against Type 
I collagen between pH 5.0 and 6.0 (118, 124).  The optimal 
activity of a recombinant cathepsin K protein was pH 5.5 and it 
displayed a bell-shaped pH profile (118).  Cathepsin K still has 
collagenolytic activity against Type I collagen even at pH 
values as high as 6.5 (118) and it has gelatinolytic activity in 
the pH range of 4.0-7.0 (123).  For Type II collagen, the 
optimal pH of cathepsin K is between pH 5.0 and 5.5 and 
against denatured Type II collagen is between pH 4.0 and 7.0 
(123).  Type II collagen could also be efficiently hydrolyzed by 
recombinant human cathepsin K between pH 5.5 and 6.0 
(123).  
 

Cathepsin K is able to hydrolyze fibrillar 
collagen at pH values above 6 and is also physiologically 
stable at neutral pH.  On the other hand, Cathepsin B and L 
are unstable at pHs close to neutral.  These features may 
indicate that these cathepsins are involved in different 
stages of bone collagen cleavage.  The most acidic part of 
the bone resorption lacuna is close to the ruffled border and 
the interface between the demineralized and mineralized 
matrix is more likely to be a neutral environment (140).  
Therefore, cathepsin K may be involved in the initial 
degradation of bone collagen while cathepsin B and L may 
be involved in later stages.  
 
5.5. Collagen cleavage patterns and sites 

The main cleavage site utilized by the cathepsins 
in the fibrillar collagens is located within the telopeptides, 
which then leads to the denaturation of the collagen 
molecules.  The cathepsins can then cleave this denatured 
collagen at multiple sites in a pattern that is reminiscent of 
bacterial collagenases, which are able to cleave collagen at 
multiple points (141, 142) irrespective of its conformation.   
 

Cleavage of the fibrillar collagens by cathepsins 
B and L occurs only within the non-helical domains unless
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Table 4.  Collagen cleavage sites utilized by the cathepsins 
Cathepsin Collagen type Chain Cleavage sites References  

α1 chain Gly189-Lys190 123, 124 
α1 chain peptide (157-192) Met159-Gly160, Ser162-Gly163 , Arg165-Gly166  120 

Type I 

α2 chain Arg144-Gly145 123, 124 

Cathepsin K 

Type II α1 chain Gly58-Lys59 123, 124 
Cathepsin L Type I  α1 chain peptide (157-192) Gly166-Leu167, Gln180-Gly181 120 

α1 chain Leu(C6)-Ser(C7) Cathepsin D Type I  
α2 chain Phe782-Leu783  

121 

 
the helix has been destabilized or denatured (119).  As 
mentioned, cathepsin L is a more effective endopeptidase 
than cathepsin B on the basis of in vitro analyses (138, 
139).  Qualitatively, the action of cathepsin L on collagen is 
similar to that of cathepsin B that selectively cleaves the 
telopeptides (139).  

 
The collagenolytic activity of cathepsin K is 

unique among mammalian proteinases (124).  Cathepsin K 
cleaves native collagens Type I and Type II at both the 
telopeptides and at various sites within the helical region of 
the α1 chains (123, 124).  Recent studies have 
demonstrated that the collagenase activity of cathepsin K 
depends on its complex formation with 
glycosaminoglycans (GAGs), especially chondroitin-4-
sulfate (143-146).  Chondroitin-4-sulfate dramatically 
increases the ability of cathepsin K to cleave soluble, as 
well insoluble, Type I and II collagens (143).  It has been 
reported that a cathepsin K-specific complex consists of 
five cathepsin K molecules and five chondroitn-4-sulfate 
molecules (144).  The complex exhibits potent triple helical 
collagen degrading activity, whereas monomeric cathepsin 
K has no collagenase activity (144).  It has been speculated 
that the cathepsin K-chondroitin sulfate complexes 
primarily facilitate the destabilization and/or the specific 
binding of the triple helical collagen structure.  Cathepsin K 
can be expressed by synovial fibroblasts, which are 
involved in cartilage and bone degradation (147).  It can 
digest aggrecan aggregates to form the GAGs fragments 
required for the formation of its collagenolytically active 
complexes (146).  Other GAGs predominantly expressed in 
bone and cartilage such as chondroitin-6-sulfate and 
keratan sulfates also enhance the collagenolytic activity of 
cathepsin K, whereas dermatan, heparin sulfate, and 
heparin selectively inhibit this activity (145).  Moreover, 
GAGs potently inhibit the collagenase activity of other 
cysteine proteinases such as cathepsin L and S at 37°C.  
Therefore, this suggests that cathepsin K might represent 
the only cathepsin capable of cleaving collagen at or near 
physiologically relevant conditions (145). 
 

Cathepsin D cleaves the α1 chain in native and 
denatured Type I and Type III collagen only within the C-
telopeptide on the C-terminal side of a lysine residue, 
which is involved in interchain cross-linking.   Cathepsin D 
is also involved in the processing of procollagen (148).  Based 
upon differences in electrophoretic migration of the cleavage 
products, cathepsin D appears to cleave the C-propeptides 
from procollagen at the C-telopeptide at acidic pH and at the 
C-telopeptide/propeptide junction at pH 6.0 (148). 
 

Specific collagen cleavage sites utilized by the 
cathepsins have been identified (Table 4).  The cleavage

 
sites in collagen were determined by the specific 
proteinases, rather than by the presence of hyperactive sites 
in the collagen molecules.  The cleavage sites of cathepsin 
L in Type I collagen have been identified by 
conformational studies on the cleaved Type I collagen α1 
chain (residues 157-192) by proton Nuclear Magnetic 
Resonance (NMR) spectroscopy (120).  The major 
cleavage sites of cathepsin L were Gly166-Leu167 and 
Gln180-Gly181.  The recognition of these cleavage sites by 
cathepsin L seems to involve both conformational 
preference and the presence of specific residues (120).  
Specific cleavage sites in collagens Type II and XI by 
cathepsin B and L have not yet been determined (149).   
 

Using synthetic fluorogenic substrates, it has 
been demonstrated that an amino acid with a hydrophilic 
side chain in the P1 site along with an amino acid having a 
small hydrophobic side chain in the P2 site are greatly 
favored as substrates by cathepsin K (117).  Substrates with 
hydrophobic residues or Pro/Hyp at the P2 position have 
been identified as being required for cleavage by cathepsin 
K (149, 150).  N-terminal sequencing showed that the 
cleavage site in rat Type I collagen utilized by cathepsin K 
is at a Gly-Lys bond that is 189 residues from the N-
terminus of the helical region in the α1 chain and 144 
residues from the N-terminus of the helical region in α2 
chain (Table 4).  The cleavage site in human and bovine 
Type II collagen is a Gly-Lys bond that is 58 residues from 
the N-terminus of the helical domain.  The α1 chain 
cleavage sites in both collagen Types I and II have the 
specific feature of that the P2 position contains a Pro or 
Hyp residue.  Nosaka et al. (120) examined the specific 
cleavage site of a synthetic fragment of the Type I collagen 
α1 chain (157-192) by proton NMR spectroscopy.  The 
major cleavage sites for cathepsin K identified were 
Met159-Gly160, Ser162-Gly163, and Arg165-Gly166.  It 
was concluded that cathepsin K recognizes a consensus 
sequence in the extended strand of Gly-Pro-Z-Gly-, where 
Z is Met, Arg, Ser or Gln.  It seems that although an amino 
acid with a hydrophilic side chain is favored in the P1 
position, the hydrophobic amino acid Met is also 
acceptable which questions the restrictiveness of the P1 
position.  Cathepsin K also has gelatinase activity (118, 
124) and is able to cleave denatured collagen (gelatin) at 
multiple points irrespective of its conformation.              
            

Aspartic cathepsins D and E have cleavage sites 
in collagen Types I and III within sequences with a general 
hydrophobic character (122).  Both enzymes share the same 
cleavage motif.  It has been reported that positions P1 and 
P1’ of the substrate must be occupied exclusively by 
hydrophobic amino acids with aromatic or aliphatic side 
chains.  However, Val and Ile residues are not allowed in 
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the P1 position.  Position P2’ accepts a broad range of 
amino acids including charged and polar residues.  The 
major cleavage site in the C-terminus has been reported to 
be between residues Leu6 and Ser7 in the C-telopeptide of 
the α1 chain of Type I collagen (121).  The α2 chain was 
unaffected in native collagen, but was slowly cleaved 
between residues Phe782 and Leu783 in the denatured form 
(121).  The very restricted cleavage of peptide bonds in 
denatured collagens can be ascribed to the infrequent 
occurrence of groupings of more than two hydrophobic 
residues and to the high content of the conformation-
limiting residues Pro and Hyp.  
 
5.6. Cathepsins in tumor development, bone physiology, 
and pathology 

The activity of cathepsins B, L, D, and K has 
been linked to several types of cancer.  These include 
cancer of the colon, pancreas, ovaries, breast, lung, and 
skin (melanoma) (151).  Increase in procathepsin L 
secretion by human melanoma cells strongly increases their 
tumorigenicity and switched their phenotype from low to 
highly metastatic (152).  The presence of cathepsins in 
extracellular fluid has been suggested to be useful in 
determining the tumor invasiveness and the clinical 
outcome of cancer chemotherapy. Cathepsins secreted by 
invading tumor cells can degrade collagen and elastin, 
thereby destroying the basal laminar region (132).   
 

In tumors and cancer cell lines, cathepsin B is 
upregulated, oversecreted, and redistributed to the cell 
periphery (153-155).  Cell surface cathepsin B may degrade 
its substrate through the facilitation of annexin II 
heteotetramer, a docking molecule for proteins such as 
collagen Type I, tenascin C, plasminogen, and tissue type 
plasminogen activator.  Cathepsin B is secreted from tumor 
cells by at least two pathways, which are the secretion of 
procathepsin B by a constitutive pathway and secretion of 
the active forms of cathepsin B by an inducible pathway 
(156) possibly through lysosomal exocytosis (157).  Tumor 
cell secreted cathepsin B accumulates extracellularly as 
inactive/latent enzyme (132).  In vitro studies have shown 
that this enzyme can be activated directly or indirectly 
(through the inactivation of cystatin C) by neutrophil 
elastase (132).   
 

Cathepsin K is crucial in bone remodeling (158, 
159).  Cathepsin K has also been referred to as cathepsin O 
(160, 161), OC2 (162), O2 (163), and X (164) in earlier 
publications.  It is expressed at high levels in osteoclasts 
(165).  As stated earlier, cathespin K is a key enzyme 
involved in the digestion of the collagen matrix of bone by 
osteoclasts (131).  Osteoclasts are derived from 
hematopoietic stem cells and function to resorb and 
remodel bone, as well as play an important role in calcium 
homeostasis (166).  When activated, osteoclasts form an 
impermeable sealing zone that divides the polarized 
osteoclasts into basolateral (attached to bone) and apical 
areas.  Cathepsin K has been localized to the ruffled cell 
border of actively resorbing osteoclasts and also 
accumulates in specific subcellular compartments, 
intracellular vacuoles, and lysosomal vesicles that fuse with 
the ruffled cell border and release cathepsin K into the 

resorption lacunae (167).  The pH in the resoption lacunae 
is maintained at an acidic pH via a complex acid-transport 
pathway, which not only demineralizes the matrix but also 
provides an optimal pH for the degrading enzymes 
including cathepsin K.  Other than Type I collagen, which 
constitutes 95% of the organic matrix, cathepsin K 
degrades other bone matrix proteins such as osteopontin 
and osteonectin (117).  Since cathepsin K can also cleave 
native Type II collagen, it is possible that it is involved in 
cartilage breakdown in diseases such as osteoarthritis and 
rheumatoid arthritis (123).  Cathepsin K has also been 
localized in the ovaries, heart, lung, skeletal muscles, and 
small intestines (163).    
 

Increased cathepsin activity has been linked to 
degenerative bone diseases including osteoporosis and 
post-menopausal osteoporosis (166).  Overexpression of 
cathepsins B and K has been observed in rheumatoid 
arthritis (168) and osteoarthritis (169).  Cathepsin K is 
highly effective in releasing the cross-linked N-telopeptides 
of Type I collagen neoepitope from bone Type I collagen in 
osteoclast-mediated bone resorption (150).  Cathepsins S, 
L, and B are less effective and only had 57%, 36%, and 
27% of the yield of cathespin K, respectively (150).  
Increased circulating concentrations of cross-linked C-
terminal telopeptide of Type I collagen (ICTP) has been 
found in several pathological conditions such as bone 
metastases and rheumatoid arthritis (170).  Evidence has 
shown that cathepsin K cleaves this trivalently cross-linked 
ICTP structure at two sites between the phenylalanine-rich 
region and the cross-link.  Therefore, the MMPs rather than 
cathepsin K are more likely to be responsible for the 
production of ICTP in vivo since the MMPs cannot cleave 
the ICTP fragments (170).  

 
Bone resorption is impaired in situations that 

have a cathepsin K deficiency (171, 172).  Pycnodysostosis 
is an autosomal recessive osteochondrodysplasia due to 
various missense, nonsense, and stop codon mutations of 
the cathepsin K gene (172-175).  Clinical manifestations 
include reduced stature, increased bone density, fragility with 
high risk of fractures, skull deformity, acroosteolysis of the 
distal phalanges, clavicular dysplasia, increased mandibular 
angle, and dental abnormalities.  Evidence has shown that 
there is a huge accumulation of demineralized collagen fibers 
in the subosteoclastic resorption zones of cathepsin K 
knockout mice and pycnodysostotic patients (176). 
 
6. SERINE PROTEINASES 
 
6.1. Serine proteinase family 

The serine proteinases are members of another 
enzyme family that are involved in the degradation of the 
ECM.  In mammalian systems, members of the serine 
proteinase family such as chymotrypsin, trypsin, elastase, 
and plasminogen activators are believed to play a role in 
ECM degradation.  The primary substrates of these serine 
proteinases are components of the ECM such as elastin, 
laminin, fibronectin, and proteoglycans (177, 178).     
 

These serine proteinases all contain a serine 
residue at their catalytic site that is responsible for the 
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stabilization of the substrate-enzyme transition state.  The 
underlying mechanism for peptide bond hydrolysis in the 
serine proteinase superfamily involves a triad of conserved 
residues, His, Asp (Glu), and Ser (chymotrypsinogen: 
His57, Asp102 and Ser195) in the enzyme catalytic domain 
(179, 180).  It is believed that the essential Ser forms a 
covalent acyl enzyme intermediate with the substrate and 
therefore initiates catalysis.  The following step, 
deacylation, is to hydrolyze the acyl-enzyme intermediate 
that releases the peptide and restores the Ser-hydroxyl of 
the enzyme.  The His residue serves as a general base to 
accept the hydroxyl group from the reactive Ser (179, 181, 
182).   
 

The serine proteinases exhibit different substrate 
specificities. Chymotrypsin cleaves after bulky 
hydrophobic residues, trypsin cleaves after positive charged 
residues, and elastase is specific for small neutral residues 
(183).  The differences in substrate specificity are 
determined by the enzyme’s S1 positions, which interact 
with the substrate residues (181, 184).   
 
6.2. Serine proteinases and collagen degradation 

Serine proteinases have been shown to be 
involved in the degradation of fibrillar collagens indirectly 
via the activation of the MMPs and/or the inactivation of 
the TIMPs (185, 186, 187).   A typical example is the 
plasminogen-plasmin cascade system.  The ability of 
plasminogen activators (PA) to activate plasminogen to 
form plasmin that in turn can activate some of the MMPs 
and inactivate some of the TIMPs has been investigated 
(188-190).  Two immunologically distinct PAs, tissue-type 
PA (t-PA) and urokinase-PA (u-PA), are responsible for the 
conversion of plasminogen into plasmin.  The plasmin 
activated by t-PA is involved in the dissolution of fibrin in 
the circulation, while u-PA binds to a cell surface receptor 
(u-PAR) that then activates the cell-bound plasminogen.  In 
in vitro systems, it has been shown that in concert with 
membrane type-MMPs, especially MT1-MMP, that 
plasmin is able to activate proMMP-1, -2, -3, -9, -10, and -
13 (189, 190).  However, it should not be a surprise that the 
PA-plasmin system is not the only pathway for the 
activation of the MMPs in vivo.  In plasminogen-deficient 
mice, there is no observed effect on the expression of the 
MMPs including MMP-1, -3, and -9 by keratinocytes and 
MMP-2, MMP-11, and MT1-MMP by cells in granulation 
tissues (191).  In addition, evidence from PA/plasmin-
deficient mice and in vitro studies has not shown that the 
PAs and plasmin are able to cleave the fibrillar collagen 
directly.  These serine proteinases are capable of cleaving 
other ECM components such as fibronectin or fibrin (192-
194).  The PA/plasmin knockout mice display diverse 
phenotypes in ECM remodeling processes (191, 195-197).  
The serine proteinases released from neutrophils including 
neutrophil elastase, cathepsin G, and proteinase-3 has been 
shown to be capable of activating MMP-2 (198).  It is 
noticeable that membrane type MMPs, especially MT1-
MMP, also play a crucial role in the MMP activation 
processes (198).  In a soluble system without MT1-MMP, 
the activation of MMP-2 by neutrophil serine proteinases 
was abolished (187, 199), as well as that the plasmin started 
to directly degrade the MMP-2 (200).  It has been 

speculated that the mechanism by which these serine 
proteinases activate proMMP-2 is different from that of the 
trimolecular complex system involving MT1-MMP, 
proMMP-2, and TIMP-2 in that the catalytic activity of 
MT1-MMP is not necessary for the proMMP-2 activation 
by these neutrophil serine proteinases (198).   
 

Studies have shown that some of the enzymes in 
the serine proteinase family such as neutrophil elastase 
(NE), trypsinogen-2, and a yet to be identified serine 
proteinase have the ability to cleave the fibrillar collagen 
directly.  Human NE is about 29 kDa and is primarily 
stored in the azurophil granules of polymorphonuclear 
leucocytes (PMNs, 1-3 pg/cell) (201).  NE has also been 
detected in the nuclear membrane, Golgi complex, 
endoplasmic reticulum, and mitochondria of PMNs, as well 
as in other blood cells (202, 203).  The primary substrates 
of NE are ECM components such as elastin and 
proteoglycans (177), as well as any pathogens phagocytized 
by the PMNs.  Generally, NE is believed to recognize 
peptide bonds on the C-terminal side of amino acid with an 
alkyl side chain (204).  NE cleaves MMP-1, -2, -3, and –9 
(205, 206), as well as TIMP-1 (207).  This results in MMP 
activation and/or TIMP inactivation.  It has also been 
demonstrated that human NE can cleave native rat tail Type 
I (208), bovine Type III, and steer Type XI collagens (209, 
210), but not Type II collagen (210).  Based on the 
estimation of the collagen fragment sizes by Western 
blotting, it has been suggested that the collagen cleavage 
site utilized by NE is in the same region of helical 
relaxation as utilized by the MMPs (208, 210).     
 

The trypsinogen family contains four different 
members, trypsinogen-1, -2, -3, and –4, which are 
distributed differently in the body.  Typsinogen-2 is the 
most predominant form and is expressed by many tumor 
cell lines (211).  Moilanen et al. (212) has demonstrated 
that tumor cell associated trypsingen-2 from human colon 
adenocarcinoma cells is able to activate MMP-1, -3, -8, and 
–13, as well as able to cleave human skin Type I collagen.  
A recent publication (213) reported the ability of 
trypsinogen-2 to cleave human Type II collagen.  
Trypsingen-2 cleaves collagen in a non-specific manner 
and generates multiple small fragments (212).  Mass 
spectrometric analyses confirmed that the cleavage of Type 
II collagen by trypsinogen-2 does not occur at the structural 
relaxed sites in the collagen triple helix or the telopeptide 
regions, but occurs at trypsinogen-2 specific sites after Arg 
and Lys residues to release multiple small collagen 
fragments (213).  How trypsinogen-2 accomplishes this 
requires further investigation. 
 

A novel serine proteinase collagen degradation 
pathway has recently been described (214).  Human 
temporomandibular joint (TMJ) synovial fibroblasts 
display an aggressive phenotype in regard to their ability to 
cleave fibrillar collagen after being cultured for multiple 
passages (Figure 2).  The conditioned media from these 
TMJ cells is capable of degrading Type I collagen and this 
degradation could only be slightly inhibited by a MMP 
inhibitor (1,10-phenanthroline). However, a serine 
proteinase inhibitor (soybean trypsin inhibitor, STI, Figure
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Figure 2. Collagen degradation assay.  Each well was coated with 0.45 mg of rat-tail tendon Type I collagen.  The plates were 
incubated with 70,000-90,000 cells seeded in the center of each well in a total volume of 100-150 µl at 37oC.  After cell 
attachment, DMEM media without serum and with 160 nM TPA (12-O-tetradecanoyl-phorbol-13-acetate) was added.  At 1 and 3 
days the wells were stained with Coomassie blue after the cells were removed to visualize the collagen cleavage in the wells. 

 

 
Figure 3. Media mediated collagen degradation.  Conditioned media was incubated with rat-tail tendon Type I collagen with or 
without proteinase inhibitors (Control: without inhibitor, 10 mM 1,10-phenanthroline, 1 mg/ml soybean trypsin inhibitor (STI), 
1,10-phenanthroline (1,10-P) plus STI).  C: collagen alone.. 
 
3) more effectively inhibits the degradation of the Type I 
collagen by this media.  A candidate serine proteinase 
secreted by these TMJ cells has been identified by 
zymography of the conditioned media (Figure 4).  The identity 
of this candidate is still under investigation, as well as its role 
in other physiological and pathological conditions. 

 
Evidence has shown that members of the serine 

proteinase family have the ability to mediate fibrillar 
collagen turnover via direct and indirect pathways.  The 
data describing the ability of serine proteinases to directly 
cleave the fibrillar collagens are still somewhat limited 
when compared to the data available related to the ability of 
the MMPs and cathepsins to cleave the fibrillar collagens.  
The association between NE and a variety of inflammatory 
diseases including idiopathic pulmonary fibrosis, 
rheumatoid arthritis, adult respiratory distress syndrome, 
and cystic fibrosis has been well established (215).   The 
connection between the expression of the trypsinogen-1 
and -2 with metastasis of tumors has also been examined 
(178, 211).  The recent demonstration that TMJ synovial 
fibroblasts utilize a serine proteinase dependent pathway to 
degrade Type I collagen further implicates these enzymes 
in fibrillar collagen degradation (214).  The challenge now 
is to demonstrate that these serine proteinases have a role in 
the fibrillar collagen degradation that occurs in vivo.  These 
future studies into the functions of these serine proteinases 
should further our understanding of the ECM destruction 
that is associated with pathological conditions, as well as 
normal conditions.   

7.  CONCLUSION AND PERSPECTIVE 
 
 An understanding of the mechanisms responsible 
for fibrillar collagen degradation is essential in controlling 
pathological conditions characterized by excessive collagen 
degradation.  The unique triple helical structure of the 
fibrillar collagen along with their ability to form fibrils 
endows these collagens with resistance to cleavage from 
most proteinases.  However, there are regions of the triple 
helix such as the Pro/Hyp poor region and the sites at 
which cross-links are formed within the collagen molecules 
that are accessible to attack by a few select enzymes.  
 

The ability of the collagenolytic MMPs to 
degrade the fibrillar collagen is linked to their ability to 
unwind the triple helix in the proteinase susceptible sites.  
This helicase activity is believed to be mediated by a 
cooperative mechanism involving the catalytic domain, the 
C-terminal PEX domain, and the hinge region of the 
collagenolytic MMPs.  Once the triple helix has been 
destabilize or distorted, cleavage can occur.  The MMP 
family has long been considered to be the major players in 
the fibrillar collagen degradation that occurs at 
physiological pH. 
 

The cathepsins, in turn, have been considered to 
be the major players in the fibrillar collagen degradation 
that occurs at acidic pHs such as is mediated by osteoclasts.  
There is limited evidence that select cathepsins such as 
cathepsin K can hydrolyze fibrillar collagen at pHs close to
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Figure 4. Gelatin zymography.  Media collected from the 
temporomandibular joint (TMJ) fibroblast-mediated 
collagen degradation plates was resolved in a 10% SDS-
PAGE gel containing 1 mg/ml of gelatin (Sigma-Aldrich) 
at 200 V.  The gels were then stepwise washed with 
solution 1 (2.5% (v/v) Triton-X 100 and 3mM NaN3), 
solution 2 (2.5% (v/v) Triton-X 100, 50 mM Tris pH 7.4 
and 3mM NaN3), solution 3 (2.5% (v/v) Triton-X 100, 50 
mM Tris pH 7.4, 5 mM CaCl2, 1 µM ZnCl2 and 3mM 
NaN3), and solution 4 (50 mM Tris pH 7.4, 5 mM CaCl2, 1 
µM ZnCl2 and 3mM NaN3) for 20 minutes each.  The gels 
were incubated in solution 4 at 37oC overnight with or 
without the following proteinase inhibitors: 1 mg/mL STI 
(Sigma-Aldrich) and 10 mM 1,10-phenothroline (Sigma-
Aldrich).  After staining with Coomassie blue, the 
proteinases capable of digesting the gelatin were visualized 
as lytic bands on the blue background of the gel.  The 
molecular weights of the proteinases on the zymogram 
were estimated by measuring the relative migrations of the 
standards.  1: conditioned media from TMJ cells before 
displaying the aggressive collagen cleavage phenotype; 2: 
conditioned media from TMJ cells displaying the 
aggressive collagen cleavage phenotype; 3: conditioned 
media from TMJ cells displaying the aggressive collagen 
cleavage phenotype incubated with 10 mM 1,10-
phenanthroline (MMP inhibitor); and 4: conditioned media 
from TMJ cells displaying the aggressive collagen cleavage 
phenotype incubated with STI (serine proteinase inhibitor). 

 
neutral.  The major cleavage sites utilized by the cathepsins 
in the fibrillar collagens are at the telopeptides.  Data has 
shown that the collagenolytic activity of cathepsin K 
depends on complex formation with glycosaminoglycans.  
It is speculated that the cathepsin K-chondroitin sulfate 
complexes primarily facilitate the destabilization and/or the 
specific binding of the triple helical collagen structure.  
Other than the fact that cathepsin K is secreted by 
osteoclasts into the bone absorption lacunae and cleaves 
collagen extracellularly, most cathepsins cleave their 
substrates intracellularly.   
 

In vitro studies have shown that certain serine 
proteinases have the ability to cleave the fibrillar collagens 
directly at neutral pH, in addition to the established indirect 
pathways.  The ability of certain serine proteinases to 
directly cleave fibrillar collagens has complicated the 
understanding of the processes involved in the cleavage of 
these collagens.  It will be challenging to determine if 
serine dependent collagen cleavage occurs in vivo.   
 

Excess degradation of fibrillar collagens occurs 
in multiple pathological conditions.  The MMPs have been 

targeted for the prevention of this degradation in 
pathological conditions such as periodontal disease, tumor 
invasion, and arthritis.  It is easy to speculate that better 
strategies can be developed to control excess collagen 
degradation in these conditions once the roles that 
nonMMP proteinases play in in vivo collagen cleavage are 
elucidated.  
 
8. ACKNOWLEDGEMENTS  
 

This work was supported in part by USPHS grant 
AR44701 (to L.J.W.). 
 
9. REFERENCES 
 

1.   Myllyharju, J. & K.I. Kivirikko: Collagens and 
collagen-related diseases. Ann Med, 33, 7-21 (2001) 
2.   Ricard-Blum, S., B. Dublet & M. van der Rest: 
Unconventional collagens.  Oxford University Press, 
Oxford  (2000) 
3.   Lodish, H., A. Berk, S.L. Zipurskyu, P. Matsudaira, D. 
Baltimore & J. Darnell:  Molecular Cell Biology. W.H. 
Freeman and company, New York  (1998). 
4.   Hollander, A.P., I. Pidoux, A. Reiner, C. Rorabeck, R. 
Bourne & A.R. Poole: Damage to type II collagen in aging 
and osteoarthritis starts at the articular surface, originates 
around chondrocytes, and extends into the cartilage with 
progressive degeneration. J Clin Invest, 96, 2859-2869 
(1995) 
5.   Hollander, A.P., T.F. Heathfield, C. Webber, Y. Iwata, 
R. Bourne, C. Rorabeck & A.R. Poole: Increased damage 
to type II collagen in osteoarthritic articular cartilage 
detected by a new immunoassay. J Clin Invest, 93, 1722-
1732 (1994) 
6.   Rich, A. & F.H. Crick: The structure of collagen. 
Nature, 176, 915-916 (1955) 
7.   Bella, J., M. Eaton, B. Brodsky & H.M. Berman: 
Crystal and molecular structure of a collagen-like peptide at 
1.9 A resolution. Science, 266, 75-81 (1994) 
8.   Fraser, R.D., T.P. MacRae & E. Suzuki: Chain 
conformation in the collagen molecule. J Mol Biol, 129, 
463-481 (1979) 
9.   Ramachandran, G.N. & G. Kartha: Structure of 
collagen.  Nature, 174, 269-270  (1954) 
10. Kuivaniemi, H., G. Tromp & D.J. Prockop: Mutations 
in fibrillar collagens  (types I, II, III, and XI), fibril-
associated collagen  (type IX), and network-forming 
collagen  (type X) cause a spectrum of diseases of bone, 
cartilage, and blood vessels. Hum Mutat, 9, 300-315 (1997) 
11.  Kuivaniemi, H., G. Tromp & D.J. Prockop: Mutations in 
collagen genes: causes of rare and some common diseases in 
humans. FASEB J, 5, 2052-2060 (1991) 
12.  Wu, JJ. & D.R. Eyre: Structural analysis of cross-linking 
domains in cartilage type XI collagen. Insights on polymeric 
assembly. J Biol Chem, 270, 18865-18870 (1995) 
13.  Beck, K., V.C. Chan, N. Shenoy, A. Kirkpatrick, J.A. 
Ramshaw & B. Brodsky: Destabilization of osteogenesis 
imperfecta collagen-like model peptides correlates with the 
identity of the residue replacing glycine. Proc Natl Acad Sci U 
S A, 97, 4273-4278 (2000) 
14.  Josse, J. & W.F. Harrington: Role of pyrrolidine 
residues in the structure and stabilization of collagen. J Mol 
Biol, 93, 269-287 (1964) 



Collagen Degradation   

3114 

15.  Mayne, J. & J.J. Robinson: Comparative analysis of 
the structure and thermal stability of sea urchin peristome 
and rat tail tendon collagen. J Cell Biochem, 84, 567-574 
(2002) 
16.  Rosenbloom, J., M. Harsch & S. Jimenez: 
Hydroxyproline content determines the denaturation 
temperature of chick tendon collagen. Arch Biochem 
Biophys, 158, 478-484 (1973) 
17.  Ward, A.R. & P. Mason: Letter to the editor: influence 
of proline hydroxylation upon the thermal stability of 
collagen fragment alpha1CB2. J Mol Biol, 79, 431-435 
(1973) 
18.  Inouye, K., Y. Kobayashi, Y. Kyogoku, Y. Kishida, S. 
Sakakibara & D.J. Prockop: Synthesis and physical 
properties of  (hydroxyproline-proline-glycine)10: 
hydroxyproline in the X-position decreases the melting 
temperature of the collagen triple helix. Arch Biochem 
Biophys, 219, 198-203 (1982) 
19.  Thakur, S., D. Vadolas, H.P. Germann & E. 
Heidemann: Influence of different tripeptides on the 
stability of the collagen triple helix. II. An experimental 
approach with appropriate variations of a trimer model 
oligotripeptide. Biopolymers, 25, 1081-1086 (1986) 
20.  Fields, G.B. & D.J. Prockop: Perspectives on the 
synthesis and application of triple-helical, collagen-model 
peptides. Biopolymers, 40, 345-357 (1996) 
21.  McLaughlin, S.H. & N.J. Bulleid: Molecular 
recognition in procollagen chain assembly. Matrix Biol, 16, 
369-377 (1998) 
22.  Ramachandran, G.N., M. Bansal & R.S. Bhatnagar: A 
hypothesis on the role of hydroxyproline in stabilizing 
collagen structure. Biochim Biophys Acta, 322, 166-171 
(1973) 
23.  Bella, J., B. Brodsky & H.M. Berman: Hydration 
structure of a collagen peptide. Structure, 3, 893-906 
(1995)  
24. Kramer, R.Z., L. Vitagliano, J. Bella, R. Berisio, L. 
Mazzarella, B. Brodsky, A. Zagari & H.M. Berman: X-ray 
crystallographic determination of a collagen-like peptide 
with the repeating sequence  (Pro-Pro-Gly). J Mol Biol, 
280, 623-638 (1998)  
25.  Melacini, G., A.M. Bonvin, M. Goodman, R. Boelens 
& R. Kaptein: Hydration dynamics of the collagen triple 
helix by NMR. J  Mol Biol, 300,1041-1049 (2000) 
26.  Berisio, R., L. Vitagliano, L. Mazzarella & A. Zagari: 
Crystal structure determination of the collagen-like 
polypeptide with repeating sequence Pro-Hyp-Gly: 
implications for hydrations. Biopolymers, 56, 8-13 (2001) 
27.  Vitagliano, L., R. Berisio, L. Mazzarella & A. Zagari: 
Structural bases of collagen stabilization induced by proline 
hydroxylation. Biopolymers 58, 459-64 (2001) 
28.  Privalov, P.L.: Stability of proteins. Proteins which do 
not present a single cooperative system. Adv Protein Chem, 
35, 1-104 (1982) 
29.  Kuznetsova, N., S.L. Chi & S. Leikin: Sugars and 
polyols inhibit fibrillogenesis of type I collagen by 
disrupting hydrogen-bonded water bridges between the 
helices. Biochem, 37, 11888-11895 (1998) 
30.  Kuznetsova, N., D.C. Rau, V.A..Parsegian & S. Leikin: 
Solvent hydrogen-bond network in protein self-assembly: 
solvation of collagen triple helices in nonaqueous solvents. 
Biophys J, 72, 353-62 (1997) 

31.  Engle, J. & D.J. Prockop: Does bound water contribute 
to the stability of collagen?  Matrix Biol, 17, 679-680 
(1998) 
32.  Miller, E.J., E.J. Harris Jr., E. Chung, J.E. Finch Jr., 
P.A. McCroskery & W.T. Butler: Cleavage of Type II and 
III collagens with mammalian collagenase: site of cleavage 
and primary structure at the NH2-terminal portion of the 
smaller fragment released from both collagens. Biochem, 
15, 787-792 (1976) 
33.  Hofmann, H., P.P. Fietzek & K. Kuhn: The role of 
polar and hydrophobic interactions for the molecular 
packing of type I collagen: a three-dimensional evaluation 
of the amino acid sequence. J Mol Biol, 125, 137-165 
(1978) 
34.  Dixit, S.N., C.L. Mainardi, J.M. Seyer & A.H. Kang: 
Covalent structure of collagen: amino acid sequence of 
alpha 2-CB5 of chick skin collagen containing the animal 
collagenase cleavage site. Biochem, 18, 5416-5422 (1979) 
35.  Highberger, J.H., C. Corbett, A.H. Kang & J. Gross: 
The amino acid sequence of chick skin collagen alpha1-
CB7: the presence of a previously unrecognized triplet. 
Biochem Biophys Res Commun, 83, 43-49 (1978) 
36.  Kramer, R.Z., J. Bella, B. Brodsky & H.M. Berman: 
The crystal and molecular structure of a collagen-like 
peptide with a biologically relevant sequence. J Mol Biol, 
311, 131-147 (2001) 
37.  Kramer, R.Z., J. Bella, P. Mayville, B. Brodsky & 
H.M. Berman: Sequence dependent conformational 
variations of collagen triple-helical structure. Nat Struct 
Biol, 6, 454-457 (1999)  
38.  Perret, S., C. Merle, S. Bernocco, P. Berland, R. 
Garrone, D.J. Hulmes, M. Theisen & F. Ruggiero: 
Unhydroxylated triple helical collagen I produced in 
transgenic plants provides new clues on the role of 
hydroxyproline in collagen folding and fibril formation. J 
Biol Chem, 276, 43693-43698 (2001) 
39.  Brennan, M. & P.F. Davison: Influence of the 
telopeptides on type I collagen fibrillogenesis. 
Biopolymers, 20, 2195-2202 (1981)  
40.  Eyre, D.R., M.A. Paz & P.M. Gallop: Cross-linking in 
collagen and elastin. Annu Rev Biochem, 53, 717-748 
(1984) 
41.  Hulmes, D.J., T.J. Wess, D.J. Prockop & P. Fratzl: 
Radial packing, order, and disorder in collagen fibrils. 
Biophys J 68, 1661-1670 (1995) 
42. Hulmes, D.J., K.E. Kadler, A.P. Mould, Y. Hojima, 
D.F. Holmes, C. Cummings, J.A. Chapman & D.J. 
Prockop: Pleomorphism in type I collagen fibrils produced 
by persistence of the procollagen N-propeptide. J Mol Biol, 
210, 337-345 (1989) 
43.  Light, N.D. & A.J. Bailey AJ: Fibrous Proteins: 
scientific Industrial and Medical Aspects. Vol.I. Parry 
DAD and Creamer LK. Ed. Academic Press, London  
(1979) 
44.  Henkel, W. & R.W. Glanville: Covalent crosslinking 
between molecules of type I and type III collagen. The 
involvement of the N-terminal, nonhelical regions of the 
alpha 1  (I) and alpha 1  (III) chains in the formation of 
intermolecular cross-links. Eur J Biochem, 122, 205-213 
(1982)  
45.  Henkel, W., J. Rauterberg & R.W. Glanville: Isolation 
of crosslinked peptides from insoluble human leiomyoma. 



Collagen Degradation   

3115 

The involvement of the N-terminal, non-helical region of 
type III collagen in intermolecular crosslinking. Eur J 
Biochem, 96, 249-256 (1979) 
46.  Eyre, D.R., S. Apon, J.J. Wu, L.H. Ericsson & K.A. 
Walsh: Collagen type IX: evidence for covalent linkages to 
type II collagen in cartilage. FEBS Lett, 220, 337-341 
(1987)  
47.  Wu, J.J. & D.R. Eyre: Identification of 
hydroxypyridinium cross-linking sites in type II collagen of 
bovine articular cartilage. Biochem, 23, 1850-1857 (1984) 
48.  Robins, S. P. & A. Duncan: Cross-linking of collagen. 
Location of pyridinoline in bovine articular cartilage at two 
sites of the molecule. Biochem J, 215,175-182 (1983) 
49.  Henkel, W.: Cross-link analysis of the C-telopeptide 
domain from type III collagen. Biochem J 318, 497-503 
(1996) 
50.  Myers, J.C., H.R. Loidl, J.M. Seyer & A.S. Dion: 
Complete primary structure of the human alpha 2 type V 
procollagen COOH-terminal propeptide. J Biol Chem, 260, 
11216-11222 (1985)  
51.  Malone, J.P., A. George & A. Veis: Type I collagen N-
telopeptides adopt an ordered structure when docked to 
their helix receptor during fibrillogenesis. Proteins, 54, 
206-215 (2004) 
52.  Pope, F.M. & A.C. Nicholls AC: Molecular medicine. 
Vol.I, Malcolm ADE. Ed. IRL Press, Oxford  (1984). 
53.  Birkedal-Hansen, H., W. G. Moore, M. K. Bodden, L. 
J. Windsor, B. Birkedal-Hansen, A. DeCarlo & J. A. 
Engler: Matrix metalloproteinases: a review. Crit Rev Oral 
Biol Med, 4, 197-250 (1993) 
54.  Uitto, V. J., C. M. Overall & C. McCulloch: 
Proteolytic host cell enzymes in gingival crevice fluid. 
Periodontol 2000, 31, 77-104 (2003) 
55.  Mott, J. D. & Z. Werb: Regulation of matrix biology 
by matrix metalloproteinases. Curr Opin Cell Biol, 16, 558-
564 (2004) 
56.  Ala-aho, R. & V. M. Kahari: Collagenases in cancer. 
Biochimie, 87, 273-286 (2005) 
57.  Galis, Z. S. & J. J. Khatri: Matrix metalloproteinases in 
vascular remodeling and atherogenesis: the good, the bad, 
and the ugly. Circ Res, 90, 251-262 (2002) 
58.  Visse, R. & H. Nagase: Matrix metalloproteinases and 
tissue inhibitors of metalloproteinases: structure, function, 
and biochemistry. Circ Res, 92, 827-839 (2003) 
59.  Springman, E. B., E. L. Angleton, H. Birkedal-Hansen 
& H. E. Van Wart: Multiple modes of activation of latent 
human fibroblast collagenase: evidence for the role of a 
Cys73 active-site zinc complex in latency and a "cysteine 
switch" mechanism for activation. Proc Natl Acad Sci U S 
A, 87, 364-368 (1990) 
60.  Van Wart, H. E. & H. Birkedal-Hansen: The cysteine 
switch: a principle of regulation of metalloproteinase 
activity with potential applicability to the entire matrix 
metalloproteinase gene family. Proc Natl Acad Sci U S A, 
87, 5578-5582 (1990) 
61.  Woessner, J. F., Jr.: The family of matrix 
metalloproteinases. Ann N Y Acad Sci, 732, 11-21 (1994) 
62.  Smith, T. F., C. Gaitatzes, K. Saxena & E. J. Neer: The 
WD repeat: a common architecture for diverse functions. 
Trends Biochem Sci, 24, 181-185 (1999) 
63.  Collier, I. E., S. M. Wilhelm, A. Z. Eisen, B. L. 
Marmer, G. A. Grant, J. L. Seltzer, A. Kronberger, C. S. 

He, E. A. Bauer & G. I. Goldberg: H-ras oncogene-
transformed human bronchial epithelial cells  (TBE-1) 
secrete a single metalloprotease capable of degrading 
basement membrane collagen. J Biol Chem, 263, 6579-
6587 (1988) 
64.  Steffensen, B., U. M. Wallon & C. M. Overall: 
Extracellular matrix binding properties of recombinant 
fibronectin type II-like modules of human 72-kDa 
gelatinase/type IV collagenase. High affinity binding to 
native type I collagen but not native type IV collagen. J 
Biol Chem, 270, 11555-11566 (1995) 
65.  Allan, J. A., A. J. Docherty, P. J. Barker, N. S. 
Huskisson, J. J. Reynolds & G. Murphy: Binding of 
gelatinases A and B to type-I collagen and other matrix 
components. Biochem J, 309  (Pt 1), 299-306 (1995) 
66.  Polette, M. & P. Birembaut: Membrane-type 
metalloproteinases in tumor invasion. Int J Biochem Cell 
Biol, 30, 1195-1202 (1998) 
67.  Murphy, G., M. I. Cockett, P. E. Stephens, B. J. Smith 
& A. J. Docherty: Stromelysin is an activator of 
procollagenase. A study with natural and recombinant 
enzymes. Biochem J, 248, 265-268 (1987) 
68.   Suzuki, K., J. J. Enghild, T. Morodomi, G. Salvesen & 
H. Nagase: Mechanisms of activation of tissue 
procollagenase by matrix metalloproteinase 3  
(stromelysin). Biochemistry, 29, 10261-10270 (1990) 
69.   Sang, Q. A., M. K. Bodden & L. J. Windsor: 
Activation of human progelatinase A by collagenase and 
matrilysin: activation of procollagenase by matrilysin. J 
Protein Chem, 15, 243-253 (1996) 
70.  Lauer-Fields, J. L., D. Juska & G. B. Fields: Matrix 
metalloproteinases and collagen catabolism. Biopolymers, 
66, 19-32 (2002) 
71.  Murphy, G., J. A. Allan, F. Willenbrock, M. I. Cockett, 
J. P. O'Connell & A. J. Docherty: The role of the C-
terminal domain in collagenase and stromelysin specificity. 
J Biol Chem, 267, 9612-9618 (1992) 
72.  Overall, C. M.: Molecular determinants of 
metalloproteinase substrate specificity: matrix 
metalloproteinase substrate binding domains, modules, and 
exosites. Mol Biotechnol, 22, 51-86 (2002) 
73.  Fields, G. B.: A model for interstitial collagen 
catabolism by mammalian collagenases. J Theor Biol, 153, 
585-602 (1991) 
74.  Aimes, R. T. & J. P. Quigley: Matrix 
metalloproteinase-2 is an interstitial collagenase. Inhibitor-
free enzyme catalyzes the cleavage of collagen fibrils and 
soluble native type I collagen generating the specific 3/4- 
and 1/4-length fragments. J Biol Chem, 270, 5872-5876 
(1995) 
75.  Ohuchi, E., K. Imai, Y. Fujii, H. Sato, M. Seiki & Y. 
Okada: Membrane type 1 matrix metalloproteinase digests 
interstitial collagens and other extracellular matrix 
macromolecules. J Biol Chem, 272, 2446-2451 (1997) 
76.  Mitchell, P. G., H. A. Magna, L. M. Reeves, L. L. 
Lopresti-Morrow, S. A. Yocum, P. J. Rosner, K. F. 
Geoghegan & J. E. Hambor: Cloning, expression, and type 
II collagenolytic activity of matrix metalloproteinase-13 
from human osteoarthritic cartilage. J Clin Invest, 97, 761-
768 (1996) 
77.  Shimada, T., H. Nakamura, E. Ohuchi, Y. Fujii, Y. 
Murakami, H. Sato, M. Seiki & Y. Okada: Characterization 



Collagen Degradation   

3116 

of a truncated recombinant form of human membrane type 
3 matrix metalloproteinase. Eur J Biochem, 262, 907-914 
(1999) 
78.  Niyibizi, C., R. Chan, J. J. Wu & D. Eyre: A 92 kDa 
gelatinase  (MMP-9) cleavage site in native type V 
collagen. Biochem Biophys Res Commun, 202, 328-333 
(1994) 
79.  Billinghurst, R. C., L. Dahlberg, M. Ionescu, A. 
Reiner, R. Bourne, C. Rorabeck, P. Mitchell, J. Hambor, O. 
Diekmann, H. Tschesche, J. Chen, H. Van Wart & A. R. 
Poole: Enhanced cleavage of type II collagen by 
collagenases in osteoarthritic articular cartilage. J Clin 
Invest, 99, 1534-1545 (1997) 
80.  Vankemmelbeke, M., P. M. Dekeyser, A. P. Hollander, 
D. J. Buttle & J. Demeester: Characterization of helical 
cleavages in type II collagen generated by matrixins. 
Biochem J, 330  (Pt 2), 633-640 (1998) 
81.  Knauper, V., S. Cowell, B. Smith, C. Lopez-Otin, M. 
O'Shea, H. Morris, L. Zardi & G. Murphy: The role of the 
C-terminal domain of human collagenase-3  (MMP-13) in 
the activation of procollagenase-3, substrate specificity, and 
tissue inhibitor of metalloproteinase interaction. J Biol 
Chem, 272, 7608-7616 (1997) 
82.  Liu, X., H. Wu, M. Byrne, J. Jeffrey, S. Krane & R. 
Jaenisch: A targeted mutation at the known collagenase 
cleavage site in mouse type I collagen impairs tissue 
remodeling. J Cell Biol, 130, 227-237 (1995) 
83.  Cowell, S., V. Knauper, M. L. Stewart, M. P. D'Ortho, 
H. Stanton, R. M. Hembry, C. Lopez-Otin, J. J. Reynolds & 
G. Murphy: Induction of matrix metalloproteinase 
activation cascades based on membrane-type 1 matrix 
metalloproteinase: associated activation of gelatinase A, 
gelatinase B and collagenase 3. Biochem J, 331  (Pt 2), 
453-458 (1998) 
84.  Strongin, A. Y., I. Collier, G. Bannikov, B. L. Marmer, 
G. A. Grant & G. I. Goldberg: Mechanism of cell surface 
activation of 72-kDa type IV collagenase: isolation of the 
activated form of the membrane metalloprotease. J. Biol 
chem, 270, 5331-5338 (1995) 
85.  Yoshiyama, Y., H. Sato, M. Seiki, A. Shinagawa, M. 
Takahashi & T. Yamada: Expression of the membrane-type 
3 matrix metalloproteinase  (MT3-MMP) in human brain 
tissues. Acta Neuropathol  (Berl), 96, 347-350 (1998) 
86.  Welgus, H. G., J. J. Jeffrey & A. Z. Eisen: The 
collagen substrate specificity of human skin fibroblast 
collagenase. J Biol Chem, 256, 9511-9515 (1981) 
87.  Birkedal-Hansen, H., R. E. Taylor, A. S. Bhown, J. 
Katz, H. Y. Lin & B. R. Wells: Cleavage of bovine skin 
type III collagen by proteolytic enzymes. Relative 
resistance of the fibrillar form. J Biol Chem, 260, 16411-
16417 (1985) 
88.  Minond, D., J. L. Lauer-Fields, H. Nagase & G. B. 
Fields: Matrix metalloproteinase triple-helical peptidase 
activities are differentially regulated by substrate stability. 
Biochemistry, 43, 11474-11481 (2004) 
89.  Hasty, K. A., J. J. Jeffrey, M. S. Hibbs & H. G. 
Welgus: The collagen substrate specificity of human 
neutrophil collagenase. J Biol Chem, 262, 10048-10052 
(1987) 
90.  Knauper, V., C. Lopez-Otin, B. Smith, G. Knight & G. 
Murphy: Biochemical characterization of human 
collagenase-3. J Biol Chem, 271, 1544-1550 (1996) 

91.  Clark, I. M. & T. E. Cawston: Fragments of human 
fibroblast collagenase. Purification and characterization. 
Biochem J, 263, 201-206 (1989) 
92. Knauper, V., A. Osthues, Y. A. DeClerck, K. E. 
Langley, J. Blaser & H. Tschesche: Fragmentation of 
human polymorphonuclear-leucocyte collagenase. Biochem 
J, 291  (Pt 3), 847-854 (1993) 
93.  Knauper, V., A. J. Docherty, B. Smith, H. Tschesche & 
G. Murphy: Analysis of the contribution of the hinge region 
of human neutrophil collagenase  (HNC, MMP-8) to 
stability and collagenolytic activity by alanine scanning 
mutagenesis. FEBS Lett, 405, 60-64 (1997) 
94.  Sang, Q. A. & D. A. Douglas: Computational sequence 
analysis of matrix metalloproteinases. J Protein Chem, 15, 
137-160 (1996) 
95. Chung, L., K. Shimokawa, D. Dinakarpandian, F. 
Grams, G. B. Fields & H. Nagase: Identification of the  
(183)RWTNNFREY (191) region as a critical segment of 
matrix metalloproteinase 1 for the expression of 
collagenolytic activity. J Biol Chem, 275, 29610-29617 
(2000) 
96.  Hirose, T., C. Patterson, T. Pourmotabbed, C. L. 
Mainardi & K. A. Hasty: Structure-function relationship of 
human neutrophil collagenase: identification of regions 
responsible for substrate specificity and general proteinase 
activity. Proc Natl Acad Sci U S A, 90, 2569-2573 (1993) 
97.  d'Ortho, M. P., H. Will, S. Atkinson, G. Butler, A. 
Messent, J. Gavrilovic, B. Smith, R. Timpl, L. Zardi & G. 
Murphy: Membrane-type matrix metalloproteinases 1 and 2 
exhibit broad-spectrum proteolytic capacities comparable 
to many matrix metalloproteinases. Eur J Biochem, 250, 
751-757 (1997) 
98.  Tsukada, H. & T. Pourmotabbed: Unexpected crucial 
role of residue 272 in substrate specificity of fibroblast 
collagenase. J Biol Chem, 277, 27378-27384 (2002) 
99.  de Souza, S. J. & R. Brentani: Collagen binding site in 
collagenase can be determined using the concept of sense-
antisense peptide interactions. J Biol Chem, 267, 13763-
13767 (1992) 
100. Sanchez-Lopez, R., C. M. Alexander, O. Behrendtsen, R. 
Breathnach & Z. Werb: Role of zinc-binding- and hemopexin 
domain-encoded sequences in the substrate specificity of 
collagenase and stromelysin-2 as revealed by chimeric 
proteins. J Biol Chem, 268, 7238-7247 (1993) 
101. Tam, E. M., Y. I. Wu, G. S. Butler, M. S. Stack & C. M. 
Overall: Collagen binding properties of the membrane type-1 
matrix metalloproteinase  (MT1-MMP) hemopexin C domain. 
The ectodomain of the 44-kDa autocatalytic product of MT1-
MMP inhibits cell invasion by disrupting native type I collagen 
cleavage. J Biol Chem, 277, 39005-39014 (2002) 
102. Murphy, G., F. Willenbrock, R. V. Ward, M. I. Cockett, 
D. Eaton & A. J. Docherty: The C-terminal domain of 72 kDa 
gelatinase A is not required for catalysis, but is essential for 
membrane activation and modulates interactions with tissue 
inhibitors of metalloproteinases. Biochem J, 283  (Pt 3), 637-
641 (1992) 
103. Windsor, L. J., H. Birkedal-Hansen, B. Birkedal-Hansen 
& J. A. Engler: An internal cysteine plays a role in the 
maintenance of the latency of human fibroblast collagenase. 
Biochemistry, 30, 641-647 (1991) 
104. Tam, E. M., T. R. Moore, G. S. Butler & C. M. 
Overall: Characterization of the distinct collagen binding, 



Collagen Degradation   

3117 

helicase and cleavage mechanisms of matrix 
metalloproteinase 2 and 14  (gelatinase A and MT1-MMP): 
the differential roles of the MMP hemopexin c domains and 
the MMP-2 fibronectin type II modules in collagen triple 
helicase activities. J Biol Chem, 279, 43336-43344 (2004) 
105. Jiang, A. & D. Pei: Distinct roles of catalytic and 
pexin-like domains in membrane-type matrix 
metalloproteinase  (MMP)-mediated pro-MMP-2 activation 
and collagenolysis. J Biol Chem, 278, 38765-38771 (2003) 
106. Wallon, U. M. & C. M. Overall: The hemopexin-like 
domain  (C domain) of human gelatinase A  (matrix 
metalloproteinase-2) requires Ca2+ for fibronectin and 
heparin binding. Binding properties of recombinant 
gelatinase A C domain to extracellular matrix and basement 
membrane components. J Biol Chem, 272, 7473-7481 
(1997) 
107. Murphy, G., Q. Nguyen, M. I. Cockett, S. J. Atkinson, 
J. A. Allan, C. G. Knight, F. Willenbrock & A. J. Docherty: 
Assessment of the role of the fibronectin-like domain of 
gelatinase A by analysis of a deletion mutant. J Biol Chem, 
269, 6632-6636 (1994) 
108. Patterson, M. L., S. J. Atkinson, V. Knauper & G. 
Murphy: Specific collagenolysis by gelatinase A, MMP-2, 
is determined by the hemopexin domain and not the 
fibronectin-like domain. FEBS Lett, 503, 158-162 (2001) 
109. Bode, W., C. Fernandez-Catalan, H. Tschesche, F. 
Grams, H. Nagase & K. Maskos: Structural properties of 
matrix metalloproteinases. Cell Mol Life Sci, 55, 639-652 
(1999) 
110. Bachinger, H. P., P. Bruckner, R. Timpl, D. J. Prockop 
& J. Engel: Folding mechanism of the triple helix in type-
III collagen and type-III pN-collagen. Role of disulfide 
bridges and peptide bond isomerization. Eur J Biochem, 
106, 619-632 (1980) 
111. Ryhanen, L., E. J. Zaragoza & J. Uitto: Conformational 
stability of type I collagen triple helix: evidence for temporary 
and local relaxation of the protein conformation using a 
proteolytic probe. Arch Biochem Biophys, 223, 562-571 (1983) 
112. Sieron, A. L., A. Fertala, L. Ala-Kokko & D. J. Prockop: 
Deletion of a large domain in recombinant human procollagen 
II does not alter the thermal stability of the triple helix. J Biol 
Chem, 268, 21232-21237 (1993) 
113. De Souza, S. J., H. M. Pereira, S. Jacchieri & R. R. 
Brentani: Collagen/collagenase interaction: does the enzyme 
mimic the conformation of its own substrate? Faseb J, 10, 
927-930 (1996) 
114. Gomis-Ruth, F. X., U. Gohlke, M. Betz, V. Knauper, G. 
Murphy, C. Lopez-Otin & W. Bode: The helping hand of 
collagenase-3  (MMP-13): 2.7 A crystal structure of its C-
terminal haemopexin-like domain. J Mol Biol, 264, 556-566 
(1996) 
115. Bode, W.: A helping hand for collagenases: the 
haemopexin-like domain. Structure, 3, 527-530 (1995) 
116. Chung, L., D. Dinakarpandian, N. Yoshida, J. L. Lauer-
Fields, G. B. Fields, R. Visse & H. Nagase: Collagenase 
unwinds triple-helical collagen prior to peptide bond 
hydrolysis. Embo J, 23, 3020-3030 (2004) 
117. Bossard, M. J., T. A. Tomaszek, S. K. Thompson, B. Y. 
Amegadzie, C. R. Hanning, C. Jones, J. T. Kurdyla, D. E. 
McNulty, F. H. Drake, M. Gowen & M. A. Levy: Proteolytic 
activity of human osteoclast cathepsin K. Expression, 

purification, activation, and substrate identification. J Biol 
Chem, 271, 12517-12524 (1996)  
118. Bromme, D., K. Okamoto, B. B. Wang & S. Biroc: 
Human cathepsin O2, a matrix protein-degrading cysteine 
proteinase expressed in osteoclasts. Functional expression 
of human cathepsin O2 in Spodoptera frugiperda and 
characterization of the enzyme. J Biol Chem, 271, 2126-
2132 (1996) 
119. Maciewicz, R. A., S. F. Wotton, D. J. Etherington & 
V. C. Duance: Susceptibility of the cartilage collagens 
types II, IX and XI to degradation by the cysteine 
proteinases, cathepsins B and L. FEBS Lett, 269, 189-193 
(1990) 
120. Nosaka, A. Y., K. Kanaori, N. Teno, H. Togame, T. 
Inaoka, M. Takai & T. Kokubo: Conformational studies on 
the specific cleavage site of Type I collagen  (alpha-1) 
fragment  (157-192) by cathepsins K and L by proton NMR 
spectroscopy. Bioorg Med Chem, 7, 375-379 (1999) 
121. Scott, P. G. & H. Pearson: Cathepsin D: specificity of 
peptide-bond cleavage in type-I collagen and effects on 
type-III collagen and procollagen. Eur J Biochem, 114, 59-
62 (1981) 
122. Arnold, D., W. Keilholz, H. Schild, T. Dumrese, S. 
Stevanovic & H. G. Rammensee: Substrate specificity of 
cathepsins D and E determined by N-terminal and C-
terminal sequencing of peptide pools. Eur J Biochem, 249, 
171-179 (1997) 
123. Kafienah, W., D. Bromme, D. J. Buttle, L. J. Croucher 
& A. P. Hollander: Human cathepsin K cleaves native type 
I and II collagens at the N-terminal end of the triple helix. 
Biochem J, 331, 727-732 (1998) 
124. Garnero, P., O. Borel, I. Byrjalsen, M. Ferreras, F. H. 
Drake, M. S. McQueney, N. T. Foged, P. D. Delmas & J. 
M. Delaisse: The collagenolytic activity of cathepsin K is 
unique among mammalian proteinases. J Biol Chem, 273, 
32347-32352 (1998) 
125. Maciewicz, R. A., D. J. Etherington, J. Kos & V. 
Turk: Collagenolytic cathepsins of rabbit spleen: a kinetic 
analysis of collagen degradation and inhibition by chicken 
cystatin. Coll Relat Res, 7, 295-304 (1987) 
126. Rawlings, N. D. & A. J. Barrett: Families of cysteine 
peptidases. Methods Enzymol, 244, 461-486 (1994) 
127. Turk, D. & G. Guncar: Lysosomal cysteine proteinases  
(cathepsins): promising drug targets. Acta Crystallogr D Biol 
Crystallogr, 59, 203-213 (2003) 
128. Erickson, A. H. & G. Blobel: Carboxyl-terminal 
proteolytic processing during biosynthesis of the lysosomal 
enzymes beta-glucuronidase and cathepsin D. Biochemistry, 
22, 5201-5205 (1983) 
129. Kominami, E., T. Tsukahara, K. Hara & N. Katunuma: 
Biosyntheses and processing of lysosomal cysteine proteinases 
in rat macrophages. FEBS Lett, 231, 225-228 (1988) 
130. Nakamura, O., J. A. Kazi, T. Ohnishi, N. Arakaki, Q. 
Shao, T. Kajihara & Y. Daikuhara: Effects of rat fetuin on 
stimulation of bone resorption in the presence of parathyroid 
hormone. Biosci Biotechnol Biochem, 63, 1383-1391 (1999) 
131. Goto, T., T. Yamaza & T. Tanaka: Cathepsins in the 
osteoclast. J Electron Microsc  (Tokyo), 52, 551-558 (2003) 
132. Keppler, D., M. Abrahamson & B. Sordat: Secretion 
of cathepsin B and tumour invasion. Biochem Soc Trans, 
22, 43-49 (1994) 



Collagen Degradation   

3118 

133. Mach, L., K. Stuwe, A. Hagen, C. Ballaun & J. Glossl: 
Proteolytic processing and glycosylation of cathepsin B. 
The role of the primary structure of the latent precursor and 
of the carbohydrate moiety for cell-type-specific molecular 
forms of the enzyme. Biochem J, 282, 577-582 (1992) 
134. Eeckhout, Y. & G. Vaes: Further studies on the 
activation of procollagenase, the latent precursor of bone 
collagenase. Effects of lysosomal cathepsin B, plasmin and 
kallikrein, and spontaneous activation. Biochem J, 166, 21-
31 (1977) 
135. Emmert-Buck, M. R., M. J. Roth, Z. Zhuang, E. 
Campo, J. Rozhin, B. F. Sloane, L. A. Liotta & W. G. 
Stetler-Stevenson: Increased gelatinase A  (MMP-2) and 
cathepsin B activity in invasive tumor regions of human 
colon cancer samples. Am J Pathol, 145, 1285-1290 (1994) 
136. Lah, T. T., M. R. Buck, K. V. Honn, J. D. Crissman, 
N. C. Rao, L. A. Liotta & B. F. Sloane: Degradation of 
laminin by human tumor cathepsin B. Clin Exp Metastasis, 
7, 461-468 (1989) 
137. Etherington, D. J. & P. J. Evans: The action of 
cathepsin B and collagenolytic cathepsin in the degradation 
of collagen. Acta Biologica et Medica Germanica, 36, 
1555-1563 (1977) 
138. Barrett, A. J. & H. Kirschke: Cathepsin B, Cathepsin 
H, and cathepsin L. Methods Enzymol, 80 Pt C, 535-561 
(1981) 
139. Kirschke, H., A. A. Kembhavi, P. Bohley & A. J. 
Barrett: Action of rat liver cathepsin L on collagen and 
other substrates. Biochem J, 201, 367-372 (1982) 
140. Delaisse, J.-M. & G. Vaes: Biology and Physiology of 
the Osteoclast. CRC Press, Roca Raton, FL  (1992) 
141. French, M. F., A. Bhown & H. E. Van Wart: Limited 
proteolysis of types I, II and III collagens at hyper-reactive 
sites by  Clostridium histolyticum collagenase. Matrix 
Suppl, 1, 134-135 (1992) 
142. French, M. F., K. A. Mookhtiar & H. E. Van Wart: 
Limited proteolysis of type I collagen at hyperreactive sites 
by class I and II Clostridium histolyticum collagenases: 
complementary digestion patterns. Biochemistry, 26, 681-
687 (1987) 
143. Li, Z., W. S. Hou & D. Bromme: Collagenolytic 
activity of cathepsin K is specifically modulated by 
cartilage-resident chondroitin sulfates. Biochemistry, 39, 
529-536 (2000) 
144. Li, Z., W. S. Hou, C. R. Escalante-Torres, B. D. Gelb 
& D. Bromme: Collagenase activity of cathepsin K 
depends on complex formation with chondroitin sulfate. J 
Biol Chem, 277, 28669-28676 (2002) 
145. Li, Z., Y. Yasuda, W. Li, M. Bogyo, N. Katz, R. E. 
Gordon, G. B. Fields & D. Bromme: Regulation of 
collagenase activities of human cathepsins by 
glycosaminoglycans. J Biol Chem, 279, 5470-5479 (2004) 
146. Hou, W. S., Z. Li, F. H. Buttner, E. Bartnik & D. 
Bromme: Cleavage site specificity of cathepsin K toward 
cartilage proteoglycans and proteinase complex formation. 
Biol Chem, 384, 891-897 (2003) 
147. Hou, W. S., Z. Li, R. E. Gordon, K. Chan, M. J. Klein, 
R. Levy, M. Keysser, G. Keyszer & D. Bromme: Cathepsin 
k is a critical proteinase in synovial fibroblast-mediated 
collagen degradation. Am J Pathol, 159, 2167-2177 (2001) 
148. Helseth, D. L., Jr. & A. Veis: Cathepsin D-mediated 
processing of procollagen: lysosomal enzyme involvement 

in secretory processing of procollagen. Proc Natl Acad Sci 
U S A., 81, 3302-3306 (1984) 
149. Aibe, K., H. Yazawa, K. Abe, K. Teramura, M. 
Kumegawa, H. Kawashima & K. Honda: Substrate 
specificity of recombinant osteoclast-specific cathepsin K 
from rabbits. Biol Pharm Bull, 19, 1026-1031 (1996) 
150. Atley, L. M., J. S. Mort, M. Lalumiere & D. R. Eyre: 
Proteolysis of human bone collagen by cathepsin K: 
characterization of the cleavage sites generating by cross-
linked N-telopeptide neoepitope. Bone, 26, 241-247 (2000) 
151. Nomura, T. & N. Katunuma: Involvement of 
cathepsins in the invasion, metastasis and proliferation of 
cancer cells. J Med Invest, 52, 1-9 (2005) 
152. Guillaume-Rousselet, N., D. Jean & R. Frade: Cloning 
and characterization of anti-cathepsin L single chain 
variable fragment whose expression inhibits procathepsin L 
secretion in human melanoma cells. Biochem J, 367, 219-
227 (2002) 
153. Mai, J., D. M. Waisman & B. F. Sloane: Cell surface 
complex of cathepsin B/annexin II tetramer in malignant 
progression. Biochimica et Biophysica Acta, 1477, 215-230 
(2000) 
154. Yan, S., M. Sameni & B. F. Sloane: Cathepsin B and 
human tumor progression. Biol Chem, 379, 113-123 (1998) 
155. Koblinski, J. E., M. Ahram & B. F. Sloane: 
Unraveling the role of proteinases in cancer. Clin Chim 
Acta, 291, 113-135 (2000) 
156. Linebaugh, B. E., M. Sameni, N. A. Day, B. F. Sloane 
& D. Keppler: Exocytosis of active cathepsin B enzyme 
activity at pH 7.0, inhibition and molecular mass. Eur J 
Biochem, 264, 100-109 (1999) 
157. Roshy, S., B. F. Sloane & K. Moin: Pericellular 
cathepsin B and malignant progression. Cancer Metastasis 
Rev, 22, 271-286 (2003) 
158. Chapman, H. A., R. J. Riese & G. P. Shi: Emerging 
roles for cysteine proteinases in human biology. Annu Rev 
Physiol, 59, 63-88 (1997) 
159. Saftig, P., E. Hunziker, O. Wehmeyer, S. Jones, A. 
Boyde, W. Rommerskirch, J. D. Moritz, P. Schu & K. von 
Figura: Impaired osteoclastic bone resorption leads to 
osteopetrosis in cathepsin-K-deficient mice. Proc Natl 
Acad Sci U S A., 95, 13453-13458 (1998) 
160. Shi, G. P., H. A. Chapman, S. M. Bhairi, C. DeLeeuw, 
V. Y. Reddy & S. J. Weiss: Molecular cloning of human 
cathepsin O, a novel endoproteinase and homologue of 
rabbit OC2. FEBS Lett, 357, 129-134 (1995) 
161. Inaoka, T., G. Bilbe, O. Ishibashi, K. Tezuka, M. 
Kumegawa & T. Kokubo: Molecular cloning of human 
cDNA for cathepsin K: novel cysteine proteinase 
predominantly expressed in bone. Biochem Biophys Res 
Commun, 206, 89-96 (1995) 
162. Tezuka, K., Y. Tezuka, A. Maejima, T. Sato, K. Nemoto, 
H. Kamioka, Y. Hakeda & M. Kumegawa: Molecular cloning 
of a possible cysteine proteinase predominantly expressed in 
osteoclasts. J Biol Chem, 269, 1106-1109 (1994) 
163. Bromme, D. & K. Okamoto: Human cathepsin O2, a 
novel cysteine proteinase highly expressed in osteoclastomas 
and ovary molecular cloning, sequencing and tissue 
distribution. Biol Chem Hoppe Seyler, 376, 379-384 (1995) 
164. Li, Y. P., M. Alexander, A. L. Wucherpfennig, P. 
Yelick, W. Chen & P. Stashenko: Cloning and complete 
coding sequence of a novel human cathepsin expressed in 



Collagen Degradation   

3119 

giant cells of osteoclastomas. J Bone Miner Res, 10, 1197-
1202 (1995) 
165. Drake, F. H., R. A. Dodds, I. E. James, J. R. Connor, 
C. Debouck, S. Richardson, E. Lee-Rykaczewski, L. 
Coleman, D. Rieman, R. Barthlow, G. Hastings & M. 
Gowen: Cathepsin K, but not cathepsins B, L, or S, is 
abundantly expressed in human osteoclasts. J Biol Chem, 
271, 12511-12516 (1996) 
166. Manolagas, S. C.: Birth and death of bone cells: basic 
regulatory mechanisms and implications for the 
pathogenesis and treatment of osteoporosis. Endocr Rev, 
21, 115-137 (2000) 
167. Littlewood-Evans, A., T. Kokubo, O. Ishibashi, T. 
Inaoka, B. Wlodarski, J. A. Gallagher & G. Bilbe: 
Localization of cathepsin K in human osteoclasts by in situ 
hybridization and immunohistochemistry. Bone, 20, 81-86 
(1997) 
168. Sohar, N., H. Hammer & I. Sohar: Lysosomal 
peptidases and glycosidases in rheumatoid arthritis. Biol 
Chem, 383, 865-869 (2002) 
169. Baici, A., A. Lang, D. Horler, R. Kissling & C. 
Merlin: Cathepsin B in osteoarthritis: cytochemical and 
histochemical analysis of human femoral head cartilage. 
Ann Rheum Dis, 54, 289-297 (1995) 
170. Sassi, M. L., H. Eriksen, L. Risteli, S. Niemi, J. 
Mansell, M. Gowen & J. Risteli: Immunochemical 
characterization of assay for carboxyterminal telopeptide of 
human type I collagen: loss of antigenicity by treatment 
with cathepsin K. Bone, 26, 367-373 (2000) 
171. Inui, T., O., Ishibashi, T. Inaoka, Y. Origane, M. 
Kumegawa, T. Kokubo & T. Yamamura: Cathepsin K 
antisense oligodeoxynucleotide inhibits osteoclastic bone 
resorption. J Biol Chem, 272, 8109-8112 (1997) 
172. Gelb, B. D., G. P. Shi, H. A. Chapman & R. J. 
Desnick: Pycnodysostosis, a lysosomal disease caused by 
cathepsin K deficiency. Science, 273, 1236-1238 (1996) 
173. Gowen, M., F. Lazner, R. Dodds, R. Kapadia, J. Feild, 
M. Tavaria, I. Bertoncello, F. Drake, S. Zavarselk, I. Tellis, 
P. Hertzog, C. Debouck & I. Kola: Cathepsin K knockout 
mice develop osteopetrosis due to a deficit in matrix 
degradation but not demineralization. J Bone Miner Res, 
14, 1654-1663 (1999) 
174. Hou, W. S., D. Bromme, Y. Zhao, E. Mehler, C. 
Dushey, H. Weinstein, C. S. Miranda, C. Fraga, F. Greig, J. 
Carey, D. L. Rimoin, R. J. Desnick & B. D. Gelb: 
Characterization of novel cathepsin K mutations in the pro 
and mature polypeptide regions causing pycnodysostosis. J 
Clin Invest, 103, 731-738 (1999) 
175. Motyckova, G. & D. E. Fisher: Pycnodysostosis: role 
and regulation of cathepsin K in osteoclast function and 
human disease. Curr Mol Med, 2, 407-421 (2002) 
176. Fratzl-Zelman, N., A. Valenta, P. Roschger, A. Nader, 
B. D. Gelb, P. Fratzl & K. Klaushofer: Decreased bone 
turnover and deterioration of bone structure in two cases of 
pycnodysostosis. J Clin Endocrinol Metab, 89, 1538-1547 
(2004) 
177. Havemann, K. & M. Gramse: Physiology and 
pathophysiology of neutral proteinases of human 
granulocytes. Adv Exp Med Biol 167, 1-20 (1984) 
178. Schmitt, M., F. Janicke, N. Moniwa, N. 
Chucholowski, L. Pache & H. Graeff: Tumor-associated 
urokinase-type plasminogen activator: biological and 

clinical significance. Biol Chem Hoppe Seyler 373, 611-
622 (1992) 
179. Matthews, B.W., P.B. Sigler, R. Henderson R & D.M. 
Blow: Three-dimensional structure of tosyl-alpha-
chymotrypsin. Nature 214, 652-656 (1967)  
180. Huber, R., D. Kukla, W. Bode, P. Schwager, K. 
Bartels, J. Deisenhofer &. W. Steigemann: Structure of the 
complex formed by bovine trypsin and bovine pancreatic 
trypsin inhibitor. II. Crystallographic refinement at 1.9 A 
resolution. J Mol Biol  89, 73-101 (1974) 
181. Perona, J.J. & C.S. Craik: Evolutionary divergence of 
substrate specificity within the chymotrypsin-like serine 
proteinase fold. J Biol Chem 272, 29987-29990  (1997) 
182. Dodson, G. & A. Wlodawer: Catalytic triads and their 
relatives. Trends Biochem Sci 23, 347-352 (1998) 
183. Steitz, T.A. & R.G. Shulman: Crystallographic and 
NMR studies of the serine proteinases. Annu Rev Biophys 
Bioeng 11, 419-444 (1982) 
184. Perona, J.J. & C.S. Craik: Structural basis of substrate 
specificity in the serine proteinases. Protein Sci 4, 337-360 
(1995) 
185. Grant, G.A., G.I. Goldberg, S.M. Wilhelm, C. He & 
A.Z. Eisen: Activation of extracellular matrix 
metalloproteinases by proteinases and organomercurials. 
Matrix Suppl 1, 217-223 (1992) 
186. Murphy, G., U. Bretz, M.  Baggiolini & J.J. Reynolds: 
The latent collagenase and gelatinase of human 
polymorphonuclear neutrophil leucocytes. Biochem J 192, 
517-525 (1980) 
187. Okada, Y. & I. Nakanishi:  Activation of matrix 
metalloproteinase-3  (stromelysin) and matrix 
metalloproteinase 2  (gelatinase) by human neutrophil 
elastase and cathepsin G.  FEBS lett. 249,353-356  (1989) 
188. Bobik, A. & V. Tkachuk: Metalloproteinases and 
plasminogen activators in vessel remodeling. Curr 
Hypertens Rep 5, 466-472 (2003) 
189. Lijen, H.F.: Extracellular proteolysis in the 
development and progression of atherosclerosis. 
Biochemical Society 163-167  (2002) 
190. Nagase, H.: Activation mechanisms of matrix 
metalloproteinases. Biol Chem 378,151-160  (1997) 
191. Rømer, J, T.H. Bugge, C. Pyke, L.R. Lund, M.J. Flick 
& L.J. Degan:  Impaired wound healing in mice with a 
disrupted plasminogen gene. Nat. Med. 2, 287-292  (1996) 
192. Van den Steen, P.E, G. Opdenakker, M.R. Wormald, 
R.A. Dwek & P.M. Rudd:  Matrix remodeling enzymes, the 
protease cascade and glycosylation.  Biochemica et 
Biophysica Acta 1528,61-73  (2001) 
193. Carmeliet, P, L. Schoonjans, L. Kieckens, B. Ream, J. 
Degen, R. Bronson, R. Devos, J.J. van den Oord, D. Collen 
D & R.C. Mulligan:  Physiological consequences of loss of 
plasminogen activator gene function in mice.  Nature 368, 
419-424  (1994) 
194. Bugge, T.H., M.J. Flick, C.C. Daugherty & J.L. 
Degen:  Plasminogen deficiency causes severer thrombosis 
but is compatible with development and reproduction.  
Gene Dev  9, 794-807  (1995) 
195. Gutierrez, L.S., A. Schulman, T. Brito-robinson, F. 
Noria, V.A. Ploplis & F.J.  Castellino:  Tumor development 
is retarded in mice lacking the gene for urokinase-type 
plasminogen activator or its inhibitor, plasminogen 
activator inhibitor-1.  Cancer Res  60, 5839-5847  (2000) 



Collagen Degradation   

3120 

196. Carmeliet, P., L. Moons, R. Lijnen, M. Baes, V. 
Lemaitre, P. Tipping, A. Drew, Y. Eeckhout, S. Shapiro, F. 
Lupu & D. Collen:  Urokinase-generated plasmin activates 
matrix metalloproteinases during aneurysm formation.  Nat 
Genet 17,  439-444  (1997) 
197. Heymans, S., A. Luttun, D. Nuyens, G. Theilmeier, E. 
Creemers, L. Moons, G.D. Dyspersin, J.P.M. Cleutjens, M. 
Shipley, A. Angellilo, M. Levi, O. Nube, A. Baker, E. 
Keshet, F. Lupu, J.M. Herbert, J.F.M. Smits, S.D. Shapiro, 
M. Baes, M. Borgers, D. Collen, M.J.A.P. Daemen & P. 
Carmeliet: Inhibition of plasminogen activator or matrix 
metalloproteinases prevents cardiac rupture but impairs 
therapeutic angiogenesis and causes cardiac failure.  Nat 
Med 5, 1135-1142  (1999) 
198. Shamamian, P., J.D. Schwartz, B.J.Z. Pocock, S. 
Monea, D. Whiting, S.G. Marcus & P. Mignatti: J Cell 
Physiol 189, 197-206  (2001) 
199. Schwartz, J.D., S. Monea., S.G. Marcus, S. Patel, K. 
Eng, P. Mignatti, A.C. Galloway & P. Shamamian: Soluble 
factor (s) released from neutrophils activates endothelial 
cell matrix metalloproteinase 2. J Surg Res 76, 79-85  
(1998) 
200. Monea, S., K. Lehti, J. Keski-Oja & P. Mignatti: 
Cooperation between plasmin and membrane-type 1 matrix 
metalloproteinase  (MT1-MMP) in the cell surface 
activation of gelatinase A  (MMP-2).  Mol Biol Cell  8 
(Suppl),434  (1997) 
201. Ganz, T.: Extracellular release of antimicrobial 
defensins by human polymorphonuclear leukocytes. Infect 
Immun 55, 568-571 (1987) 
202. Clark, J.M., B.M. Aiken, D.W. Vaughan & H.M. 
Kagan: Ultrastructural localization of elastase-like enzymes 
in human neutrophils. J Histochem Cytochem 28, 90-92 
(1980) 
203. Clark, J.M., D.W. Vaughan, B.M. Aiken & H.M. 
Kagan: Elastase-like enzymes in human neutrophils 
localized by ultrastructural cytochemistry. J Cell Biol 84, 
102-119 (1980) 
204. Bode, W., E. Meyer Jr. & J.C. Powers: Human 
leukocyte and porcine pancreatic elastase: X-ray crystal 
structures, mechanism, substrate specificity, and 
mechanism-based inhibitors. Biochem 28, 1951-1963 
(1989) 
205. Zhu, Y.K., X.D. Liu, M.C. Skold, T. Umino, H. 
Wang, D.J. Romberger, J.R. Spurzem, T. Kohyama, F.Q. 
Wen & S.I. Rennard: Cytokine inhibition of fibroblast-
induced gel contraction is mediated by PGE (2) and NO 
acting through separate parallel pathways. Am J Respir Cell 
Mol Biol 25, 245-253 (2001) 
206. Ferry, G., M. Lonchampt, L. Pennel, G. de Nanteuil, 
E. Canet & G.C.Tucker: Activation of MMP-9 by 
neutrophil elastase in an in vivo model of acute lung injury. 
FEBS Lett 402, 111-115 (1997) 
207. Itoh, Y. & H. Nagase: Preferential inactivation of 
tissue inhibitor of metalloproteinases-1 that is bound to the 
precursor of matrix metalloproteinase 9  (progelatinase B) 
by human neutrophil elastase. J Biol Chem 270, 16518-
16521 (1995) 
208. Kafienah, W., D.J. Buttle, D. Burnett & A.P. 
Hollander: Cleavage of native type I collagen by human 
neutrophil elastase. Biochem J 330, 897-902 (1998) 

209. Gadek, J.E., G.A. Fells, D.G. Wright & R.G. Crystal: 
Human neutrophil elastase functions as a type III collagen 
"collagenase". Biochem Biophys Res Commun 95, 1815-
1822 (1980) 
210. Gadher, S.J., D.R. Eyre, V.C. Duance, S.F. Wotton, 
L.W. Heck, T.M. Schmid & D.E. Woolley: Susceptibility 
of cartilage collagens type II, IX, X, and XI to human 
synovial collagenase and neutrophil elastase. Eur J 
Biochem 175, 1-7 (1988) 
211. Stenman, U.H.: Tumour-associated trypsin inhibitor 
and tumour-associated trypsin. Scand J Clin Lab Invest 
Suppl 201, 93-101 (1990) 
212. Moilanen, M., T. Sorsa T, M. Stenman, P. Nyberg, O. 
Lindy, J. Vesterinen, A. Paju, Y.T. Konttinen, U.H. 
Stenman & T. Salo: Tumor-associated trypsinogen-2  
(trypsinogen-2) activates procollagenases  (MMP-1, -8, -
13) and stromelysin-1  (MMP-3) and degrades type I 
collagen. Biochemistry 42, 5414-5420 (2003) 
213. Stenman, M, M. Ainola, L. Valmu, A. Bjartell, G. Ma, 
U.H. Stenman, T. Sorsa, R. Luukkainen & Y.T. Konttinen: 
Trypsin-2 Degrades Human Type II Collagen and Is 
Expressed and Activated in Mesenchymally Transformed 
Rheumatoid Arthritis Synovitis Tissue. Am J Pathol 167, 
1119-1124 (2005) 
214. Song, F. & L.J. Windsor: Novel nonmatrix-
metalloproteinase-mediated collagen degradation. Biochim 
Biophys Acta 1721, 65-72  (2005)  
215. Doring, G.: The role of neutrophil elastase in chronic 
inflammation. Am J Respir Crit Care Med 150, S114-117 
(1994) 
 
Key Words: Fibrillar Collagen, Matrix metalloproteinases, 
Cathepsins, Serine Proteinases, Review 
 
Send correspondence to: L. Jack Windsor, Ph.D., 
Department of Oral Biology, Indiana University School of 
Dentistry, 1121 West Michigan Street, Indianapolis, IN  
46202, USA, Tel: 317-274-1448, Fax: 317-278-1411, E-
mail: ljwindso@iupui.edu 
 
http://www.bioscience.org/current/vol11.htm 
 


